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INTRODUCTIO 
Current harvesting, handling aBi storage techniques 
often transform bright golden corn standing in the field 
ready for harvest into a gray, broken and dusty product by 
the t1me it reaches the consumer. This deterioration in 
appearance is the result of high proportions of mold and 
insect damaged grain and excessive percentages of chipped, 
cracked and broken kernels. But more important is the 
accompanying loss in quality that may have been either di-
rectly caused or indirectly enhanced by mechanical damage 
to the grain. Although in reality it may only be the first 
link in a long chain, one factor is most often blamed for 
the poor quality and appearance of marketed grain: the recent 
trend toward field shelling. 
Corn is the most valuable crop grown in the United 
States and is grown on nearly 25 percent of our productive 
cropland. Nearly 40 million acres are annually devoted to 
corn in the nine leading corn belt states alone, which con-
tribute approximately 80 percent of United States production. 
The corn belt currently sends to market approximately 2.5 
billion bushels of yellow dent corn each year. Bailey (3) 
estimates that the American farmer loses about three cents 
on every bushel of corn he sells because of broken kernels 
alone: a total loss of approximately $75 million annually 
to the grain producers of the corn belt. 
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Of course not al broken kernels are the resu t of 
fLe d shel ing. On the other hand, neither are broken 
kernels by themselves a total measure of the losses caused 
by mechanical damage. A more complete list of the total 
losses caused by contemporary corn harvesting and handling 
techniques must consider the ultimate use of the grain and 
include the followLng factors . 
1 . Mechanical damage increases direct losses at the 
time of harvest. Such losses may also be termed 
invisible losses or imperfect shelling losses . 
They include the tips of kernels that are left 
in the cob as well as chips and meal that are 
produced when shelling corn at relatively high 
moisture contents and which pass out the rear of 
the harvester. Byg et .2-L_ (8) indicates that in-
visible losses may range from 1 to 3 percent of 
the crop, depending mainly on the moisture content 
of the grain. 
2. Mechanical damage increases losses due to mold 
growth. Steele (29) cites numerous studies which 
support the view that mold growth is the major 
cause of grain deterioration. Grain spoilage by 
mold growth is affected by moisture content and 
temperature. Corn below 55 degrees F. and 13.S 
percent moisture will maintain its quality in 
storage for a long time, but if either factor is 
3 
much above that leve the grain quality is in 
danger. However, Saul and Steele (27) indicate 
that damage to the seed coat from any cause makes 
the grain much more vulnerable to attack by 
mold, and increases the storage hazard for a given 
combination of temperature and kernel moisture. 
3. Mechanical damage increases losses due to insect 
damage. Just as an imperfect seed coat allows for 
the enhancement of mold growth it allows for easy 
access by weevils or other insects injurious to 
stored grain. It has also been indicated by 
Alderson (1) that once an insect population has 
established itself in damaged and broken grain it 
is more difficult to destroy because the insects are 
afforded protection by the additional voids avail-
able for their concealment. 
4. Mechanical damage decreases corn seed viability. 
Germination tests have, in fact, frequently been 
used as an indicator of mechanical damage. In 
general there is also a marked reduction in emergence 
of seedlings from damaged seeds and a reduction in 
weight of the surviving plants. It has also been 
observed that with relatively severe damage, shoots 
frequently lose their power of geotropic orientation. 
Koehler (18) reports that even simple pericarp damage 
is a potential hazard in corn production because corn 
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s one of the crops t at is particularly susceptible 
to seedling blight when the seed coat is broken and 
not protected by a fungicide. Since the control re-
sulting from seed treatment has not been completely 
effective, a high prevalence of perLcarp Lnjury in 
seed could still be indicative of an appreciable 
reduction in emergence. 
5. Mechanical damage increases drying costs. With the 
advent of field shelling machinery corn is often 
being harvested as soon as possible after physiolog-
ical maturity has been reached, frequently with 
moisture contents as high as 30 percent. Early season 
harvesting also implies higher temperatures which 
adversely affect the allowable time even sound grain 
can be safely stored prior to drying. However, 
kernel damage decreases the safe storage time even 
more. Saul and Steele (27) report that at 28 per-
cent moisture and 70 degrees F. corn with a 5% 
kernel damage level can be stored approximately three 
times longer before a l percent loss in dry matter 
occurs than can corn with a 30 percent kernel damage 
level. A related economic analysis showed that the 
drying energy cost (excluding equipment cost) was 
more than six times greater for damaged field-shelled 
corn than it was for undamaged hand-shelled corn. 
Faster drying rates required for damaged corn are 
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directly ref ected in higher costs of the drying 
operation. 
6. ~echanical damage may lower commercial market grade. 
The first official grain standards were established 
in 1916 with the passage of the United States Grain 
Standards Act, and together with more recent re-
visions they provide the basis for assigning a 
quality designation that reflects the value of 
varlous lots of grain. Factors that affect numerical 
grade are moisture content, test weight, foreign 
material, damaged kernels and the presence of other 
classes or kinds of grain. Since the numerical 
grade of a particular lot of grain is determined on 
the basis of the factor that puts it into the lowest 
quality category, grain that grades No. 2 in all 
other respects may grade No. 3 solely because it 
grades No. 3 in percentage of cracked corn and 
foreign material. This condition, or the related 
effects of mold growth and insect damage that it 
enhances, may result directly from the harvesting 
machinery and handling techniques that have been 
used. 
7. Mechanical damage decreases export appeal. The 
USDA Economic Research Service (33) indicates that 
the United States exported nearly 589 million 
bushels of corn in 1969. Valued at approximately 
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$734 million, corn comprised about one-tenth of 
the total value of all United States agricultural 
exports. However, the United States has a notorious 
reputation for exporting corn that arrives at 
foreign ports only at a lesser grade than when it 
began its voyage. Tradition apparently dictates 
that exported corn only barely meet the requirements 
for the specified grade just prior to shipment. But 
American corn generally contains a high percentage 
of cracked and slightly damaged kernels that are not 
accounted for by the 12/64 round-hole sieve used in 
current grading practices. Because of their pres-
ence deterioration is accelerated during shipment, 
and the weakened kernels are more easily broken 
during unloading and additional handling. Alderson 
(1) suggests that these conditions place United 
States corn in an unfavorable position in the world 
marketplace, and force foreign buyers to pay only 
the price for the lowest quality grain within a 
specific grade. 
8. Mechanical damage may make the product unsuitable 
for special processing. Although for many uses of 
corn the proportion of cracked or broken kernels 
and minor levels of deterioration are not critically 
important excepting with respect to longevity in 
storage, certain forms of processing require high 
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standards of grain quality. For example, broken 
grain cannot be used for grit production. Grits 
are processed from whole kernel halves, and are used 
to make cereals such as corn flakes. The producers 
of corn oil, starch and syrup may also require grain 
of higher qualLty than is often obtainable with 
current harvesting and handling mechanisms. 
This list of economic losses serves to indicate the 
scope and severity of the mechanical damage problem. Although 
contemporary harvesting machinery is not solely responsible 
for kernel crackage, little blame can be effectively leveled 
at later steps along the path to the consumer until a product 
of significantly higher quality is afforded them. 
Hence this study was concerned with developing a corn 
shelling mechanism that would reduce the amount of damage 
incurred in the shelling process. The design, development 
and operating characteristics of a pneumatic cylinder and 
unidirectional bar concave combination which subjects each 
ear to a specific and controlled form of shelling action are 
considered. 
Additionally, a comparative damage evaluation study of 
the new machine and a conventional cylinder-type corn sheller 
was performed and characteristics of damage caused by each 
machine were examined. High speed photography was utilized 
to further analyze and evaluate the shelling process of the 
pneumatic cylinder mechanism and to correlate the mode of 
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kernel detachment with recent shelling theories extended by 
other researchers. 
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REVIEW OF LITERATURE 
Conventional Shelling and Threshing Machines 
One of the ultimate objectives in the design of an 
effective corn shelling device LS the ability to remove all 
of the kernels from an ear without causing damage to either 
the kernels or the cob. In contemporary machines this goal 
has been substantially sacrificed in the interest of rapid 
and efficient detachment of the grain. 
The two shelling mechanisms in conmon use today on 
American farms are the cage-type sheller and the cylinder-
type sheller, with the cylinder-type advancing in popularity 
along with the practice of field shelling higher moisture 
corn. Considerable effort has been directed toward examina-
tion of the parameters relevant to the operation of these 
mechanisms and toward evaluation of the damage suffered by 
the threshed grain. 
The factors that influence the amount of damage in-
flicted by any sheller may be divided into two basic 
categories: biological parameters and machine parameters. 
Fox (10), Hall and Johnson (12), Morrison (21), Pickard (24) 
and Waelti (34) all report that kernel damage increases 
rapidly with increasing moisture contents over approximately 
1 20 percent. As an indication of damage, Pickard (24) used 
1All moisture contents referred to in this thesis are 
expressed as wet base moisture contents. 
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the percent of grain by weight that WOJ d pass through a 
0/64 ra.ind hole sieve, while Hal and Johnson (12) selected 
a similar technique using a 2/64 and a 16/64 round hole 
screen. Fox (10), Morrison (2 ), and Waelti (34) each 
separated al damaged Kernels and broken chips from the 
sound grain to better evaluate the amount of total damage. 
In ~boratory studies with a cylinder-type sheller 
adjusted per the manufacturer's specifications, Hall and 
Johnson (12) found that the percentage of grain passing 
through a 12/64 sieve increased from approximately 2.5 per-
cent at 20 percent kernel moisture to over 4.5 percent at 
35 percent kernel moisture. Waelti (34), using a similar 
laboratory test stand and accumulating data for five 
varieties, concluded that kernel damage increased from 
approximately 20 percent for 20 percent moisture grain to 
nearly 35 percent for 35 percent moisture grain. 
Johnson and Lamp (16) report that corn shelled with a 
cylinder-type sheller at moisture contents considerably below 
20 percent moisture may also be identified as having higher 
levels of damage, and that minimum kernel damage may actually 
be obtained in shelling at moistures of 18 to 19 percent. 
Hall and Johnson ( 2) showed a similar trend for the cylinder-
type she er, but reported that minimum damage (as measured 
by visual inspection) may occur at 20 to 22 percent moisture 
in corn. 
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Waelti (34) also tried to establish a relationship 
between other physical properties and mechanical damage in 
corn shelled with a conventional combine cylinder and con-
cave combination. Through multiple regression analysis 
he concluded that kernel detachment force, kernel deforma-
tion and cob strength may significantly influence mechanical 
damage in shelling. 
The study of machine parameters has been more extensive 
than the study of plant parameters, especially with regard 
to the cylinder-type sheller. Factors that have been of 
special interest are cylinder speed, concave clearance, type 
of cylinder and concave bars, and machine feed rate. 
Alderson (1), Arnold (2), Fox (10), Goss~~ (11), 
Hall and Johnson (12), Morrison (21) and Pickard (24) all 
report that increasing cylinder speed significantly increases 
corn damage in shelling. Typical results are those reported 
by Fox (10), where for 28 percent moisture grain, damage 
increased from approximately 15 percent at 300 cylinder RPM 
to nearly 28 percent at 700 cylinder RPM for a 22 inch 
diameter cylinder. An extensive study with rasp bar cylinders 
was reported by Arnold (2) in which investigations were made 
of the effect of cylinder speed and diameter, rasp bar 
spacing, concave clearance, feed rate and direction of feed 
on threshing efficiency and grain damage. From these experi-
ments it was concluded that the reduction of damage depended 
mainly on the use of lower cylinder speeds. 
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Concave clearance has been reporced to be generally 
significant with regard to kernel damage by Alderson (1), 
Hall and Johnson (12) aBi ~alton (35), although to a much 
lesser extent than cylinder speed. However, Walton (35) 
in tests on popcorn, reported that at high cylinder speeds 
and ·high moisture contents concave clearance becomes more 
critical than at slow cylinder speeds and low moisture 
contents. 
Pickard (24) reported studies involving various com-
binations of cylinder and concave bars, including steel and 
rubber covered angle cylinder bars in combination with rubber 
concave bars, and rasp-type cylinder bars in combination with 
rubber, channel and rasp-type concave bars. In general, 
conclusions from these experiments were that rasp-type 
cylinders cause less damage than angle bar cylinders and that 
rubber on the cylinder and concave bars increases rather than 
decreases the level of kernel damage. Morrison (21) also 
conducted tests with rubber covered angle cylinder bars and 
a rubber covered concave plate combination and verified the 
increase in kernel damage over conventional components. 
Fewer studies have been reported involving the effect 
of feed rate than for other variables of the cylinder-type 
sheller. In investigating the interaction of combine para-
meters, Alderson (1) noted that kernel damage decreased 
slightly with increasing feed rate in field tests in corn. 
Working with popcorn, Walton (35) reports that low feed rates 
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caused increased leve s of kernel damage in the cy inder-
type sheller. Previously shelled cobs were also introduced 
with popcorn ears in this study and resulted in a further 
decrease in kernel damage. Comparative tests indicated, how-
ever, that the combine cylinder is less sensitive to feed 
rate than the cage-type sheller. 
Hall and Johnson (12), Morrison (21) and Walton (35) 
co~ucted studies on the relative merits of the cage-type 
sheller and the cylinder-type sheller with respect to kernel 
damage. At moisture contents above approximately 20 percent 
all three studies concluded that the cage-type sheller offered 
no appreciable reduction in the level of damage inflicted to 
the grain. Hall and Johnson (12) and Morrison (21) showed, 
however, that for moisture contents below 15 percent the 
cage-type sheller proved to be increasingly more effective 
in reducing kernel damage. 
Walton (35) also reported that in the shelling of pop-
corn with the conventional cylinder-type sheller, orientation 
of the ears in feeding is an important parameter, with less 
damage occurring when the ears are oriented parallel to the 
axis of the cylinder. Pickard (24) also noted that for yellow 
dent corn the percentage of crackage is decreased by orien-
tation of the ears parallel to the cylinder axis in feeding, 
although shelling efficiency is improved by endwise feeding. 
Walton (35), studying the relationship of volume expansion 
ratio to damage in popcorn, found that recycling previously 
she ed popcorn through the combine cy inder resulted in 
additiona volume expansion losses of 3.8 percent per pass. 
This effect indicates that considerable damage may occur 
after shelling has been completed in the cylinder-type 
sheller . 
. on - conventional Shelling and Threshing Machines 
From the review of literature concerning corn shelling 
mechanisms in common use it is evident that if a high 
shelling efficiency is desired, especially in high moisture 
corn, a significant level of kernel damage must also be 
accepted. As an alternative several machines have been devel -
oped in an attempt to alleviate the inherent potential for 
inflicting damage that contemporary corn shelling devices 
possess. One such device was designed in 1967 by USDA Agri-
cultural Research Service engineers R. A. Saul and W. V. 
Hukill in cooperation with the Iowa Agricultural Experiment 
Station (14). Shown in Figure 1, this device is called the 
"squeeze sheller" and consists of two endless rubber belts 
rotating in opposite directions. The ears of corn are rolled 
through the unit because of differential belt speeds and are 
shelled with an intensifying squeezing action provided by 
spring pressure on the discharge end. Significant reductions 
in damage have been observed with additional improvement 
expected if kernels can be removed from the shelling area as 
soon as they are detached from the cob. Additional tests are 
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planned for this she er during the 1970 corn harvest season. 
Also using the squeezing and rolling principle of the 
belt sheller is the rubber roller sheller designed by Fox 
(10). Depicted schematically in Figure 2, the machine con-
sists of two 10.50 x 15 smooth surfaced tires mounted and 
rotated at differential speeds such that at their nearest 
point the surfaces move in opposing directions. A feeder 
plate forms an arc around one of the tires, and terminates 
such that upon leaving the feeder plate the corn ear will 
be rotated between the two tires. The hypothesis is that 
the combination of compression, low impact and centrifugal 
force induced by this machine reduces the strength of the 
kernel rachil a. The wedging action of the kernels and cen-
trifugal force causes failure of the weakened rachilla and 
the grain ~s shelled as the ear is rotated between the 
rollers. 
Damage determinations were made for Fox•s rubber roller 
sheller and compared to those for similar corn shelled by 
a conventional combine cylinder. It was concluded that for 
20 percent moisture corn, damage with the rubber roller 
sheller was approximately one-half of that with the cylinder-
type sheller. At 30 percent kernel moisture, damage was 
only about one-third of that inflicted by the combine cylin-
der. 
Reduction of damage suffered by the crop has also been 
the objective of several developments for the threshing of 
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seeds and grains other than corn. They are of interest to 
this study both because of their relationship to the damage 
problem and their similarity in material and configuration 
to mechanisms proposed for damage reduction in corn. 
A threshing cylinder assembly consisting of a series 
of wheel-like units with rubber lugs and based on a pneumatic 
tire is described in a patent issued to Maginn (19) in 1949. 
The individual elements and a typical assembly are shown in 
Figure 3. The independently inflatable segments may be 
aligned in assembly on a shaft and thereby form a bar-type 
separator cylinder for the purpose of minimizing impact dam-
age, particularly in threshing beans, peas and the like, but 
also in threshing the usual field grains and grass seed 
crops. 
A similar machine is described in a patent issued to 
Summers (30) in 1956, and is also intended for use primarily 
in the threshing of peas and beans. A series of conventional 
automobile tires are assembled on a shaft to form a threshing 
cylinder when combined with a resilient concave conforming 
closely to the contour of the several tires. A transverse or 
herringbone tread design is proposed to insure efficient 
threshing and effective propulsion of the crop. 
Weseth (37) reports that an experimental combine thresh-
ing cylinder invented by S. Stokland has undergone extensive 
field testing in cereal gra ns in Europe since 1967. In this 
unit, shown in Figure 4, threshing is accomplished more by 
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figure 3. A threshing cylinder consisting of wheel-like unit s 
with rubber lugs was patented by Maginn in 1949 
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Figure 4. A threshing cylinder u s ing a combination of rub-
ber segment s and steel bars has been tested in 
Europe 
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rubbing and less by beating than in the traditional thresh-
ing cylinder. The mechanism consists of an overshot cylinder 
having two rubber segments constructed in such a way that 
they can bulge inwards but not outwards. Steel beater bars 
have been placed between the rubber segments to insure the 
transfer of straw and grain under all conditions. The con-
cave differs from the traditional type in being much 
smoother, and is mounted such that it increases the percent-
age of grain separation in the concave area. Field trials 
have indicated that this mechanism does effectively reduce 
damage to the grain as we 1 as reduce total separation 
losses of the combine. 
Pneunatic cylinders in conjunction with conventional 
grate-type concaves have been studied by Massey Ferguson (20). 
However, all tests were performed in wheat, barley and rye, 
and no experiments were conducted using corn. The objective 
of using an inflatable elastic cylinder was also to induce 
threshing by rubbing rather than beating in an effort to 
reduce grain damage below the level inflicted by the con-
ventional combine cylinder. It was also considered that an 
elastically yielding cylinder could pass stones and foreign 
objects through the machine without damaging the cylinder or 
concave as occurs with the traditional steel cylinder. The 
total throughput, capacity, threshing performance, threshing 
efficiency and the degree of wear were investigated for the 
various cereal crops both in the laboratory and in the field. 
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Although an acceptable job of threshing was generally 
maintained, especially at lower feed rates, and a consider-
able reduction in grain damage was achieved in most cases, 
several disadvantages were reported with the pneumatic 
cylinder and steel concave combination. These included 
lower total capacity, greater sensitivity to crop conditions, 
difficulty in maintaining dynamic balance, ineffective crop 
propulsion and high rates of wear. 
2~ 
OBJ~CTIVES 
The principle objective of this work was to determine 
the design parameters for, and to build and test in the lab-
oratory a corn shelling mach ne with the ability to reduce 
the level of kernel damage that occurs during shelling. 
Specific objectives were: 
1. To evaluate, both quantitatively and qualitatively, 
the kernel damage inflicted by the new shelling 
machine. 
2. To compare the level of damage inflicted by the new 
sheller with that caused by a conventional cylinder-
type sheller. 
3. To relate the total observed damage caused by both 
the new machine and the conventional cylinder-type 
sheller to the indication of damage as determined 
by current USDA corn grading standards. 
4. To determine if the type of damage inflicted by the 
new sheller is of the same type as, or of a more 
or less severe nature than, the damage inflicted by 
a conventional cylinder-type sheller. 
S. To use high speed motion picture studies as a means 
of investigating the mode of kernel detachment 
induced by the new corn shelling machine. 
These objectives served as a basis for the evaluation of a 
general shelling principle as well as for the functional 
evaluat on of the new machine itself. 
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DESIG. • OF THE EXPER !ME ITAL SHE Li.ER 
Review of Corn Shelling Theories 
Very simply, a corn kernel is attached to the cob by 
means of a pedicel. Corn shelling is the process of detach-
ment of the kernel from its supporting structure, and as 
such implies the fracture of the pedicel. In reality, how-
ever, many factors add complexity to the process of shelling. 
The corn ear is a complex body of structural components and 
heterogeneous materials. An indication of the recognition 
of its complexity was given as early as 1923 by Weatherwax 
(36) in a vivid description of a typical ear. More recent 
descriptions may add something in clarity, but little in 
terms of accuracy. 
The corn ear is characterized by an elongated cylinder 
of hardened tissue, or the cob, to which are attached pairs 
of fertile spikelets, usually borne in longitudinal rows. 
Kernels grow in double rows, thereby making an even number of 
kernel rows on the ear. Pairs of spikelets also maintain a 
lateral relationship in that the spikelets of one row are 
not opposite those of the adjacent row, but alternate with 
them. Rows may also be traced in a spiral around the ear in 
two directions. As the ear develops each spikelet normally 
produces one fertile and one infertile ovule, creating one 
kernel of corn while the sterile ovule allows for a gap 
between the bases of successive kernels. 
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In the mature corn ear the entire kerne attachment and 
ower part of the seed is contained within a cupule, or a 
depression on t e surface of the cob that is formed by two 
glumes. The glumes are of different sizes, with the glume 
on the e dosperm side of the kernel being smaller. In many 
var·et es the combination of a strong pedicel and tight 
cupule provide a very rigid attachment for the kernels. With 
each kernel attachment strengthened by the support of adjacent 
kernels, the total corn ear becomes a strong composite 
structure quite resistant to the effects of externally 
applied forces. 
Several theories have been extended with regard to the 
she ling process, and have been directed at both the various 
types of loading that may induce shelling and analysis of 
the actual forces involved. The formulation of a theory of 
the shelling process descriptive of the actual phenomenon 
as accomplished by modern machines implies a dynamic analysis 
of the problem. However, because of the complicated and 
variable structure of the ear and the heterogeneous nature 
of the material, most researchers have of necessity resorted 
to a quasi-static approach using an idealized model. Some 
experimentation has also been done in trying to extend these 
theories into the dynamic range by using simple impact 
loading tests. 
A corn shelling theory has been proposed by Halyk (13) 
in which he considered the deformation of the kernel and cob 
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to be insign ficant when compared to the deformation of the 
kernel attachment or pedicel. The basis of the theory, 
therefore, was that the connections between the kernels and 
the cob may be visualized as visco-elastic links whose prop-
erties can be determined experimentally. 
Halyk noted that the structure of the cupule surrounding 
the pedicel suggests that a different reaction may be ex-
pected when forces are applied to the kernels so as to create 
tension in the pedicel than when forces are applied so as to 
create compression. Modeling of the structure in tension, 
therefore, was different from the compressive model. The two 
models were then integrated to yield a total model for the 
kernel attachment structure. For additional simplification 
of the problem the corn kernels were regarded as simple 
truncated wedges and only radial compressive loading was con-
sidered. The model and loading situation used in this study 
are shown schematically in Figure 5. 
Ears were first considered in which all kernel rows 
remained intact. Upon an increase in the applied load P, it 
was hypothesized that the first segment of kernel depression 
would serve only to take up the clearance spaces between the 
rows of kernels around the circumference of the ear. Addi-
tional loading and kernel depression, however, would cause 
tensile and bending forces on the pedicels of adjacent ker-
nels because of the wedging action of the kernels in the 
available circumferential space. This wedging and bending 
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action is shown in Figure 6. Thus if the kernels are ori-
ginally in tight arrangement about the circumference of the 
cob, shelling would occur by failure of the pedicel of a 
kernel adjacent to the depressed kernel because this element 
is subjected to the greatest straLn. 
Halyk also attempted laboratory verification of the 
shelling theory by performance of quasi-static tests on 
typical ears of corn. When loading a single kernel, it was 
observed that shelling did indeed occur frequently, and in 
the row adjacent to the loaded kernel as predicted by the 
theory. However, consistent results were only obtained with 
ears having relatively tight fitting rows of kernels and with 
moisture contents of less than 15.3 percent for the grain 
and 24.9 percent for the cob. 
An attempt was made to extend this theory into the 
dynamic range by using a falling weight to apply the radial 
compressive load on a single kernel. Shelling was success-
fully initiated in corn below 16 percent kernel moisture by 
this means and required an average of about 0.51 foot pounds 
of energy. Using a 1.25 pound apparatus a velocity at the 
beginning of impact of approximately 330 feet per minute was 
required. 
A similar approach to the development of a corn shelling 
theory was adopted by Johnson, et ~ (15) except that 
slightly different assumptions were used as a basis. An 
attempt was also made to define the results of all types of 
P' 
MODEL OF KERNEL 
ATTACHMENT 
RIGID 
COB 
Figure S. An elastLc model for kernel attachment was pro-
posed by Halyk in onsidering radial loading of 
the ear 
KERNEL WITH DEFORMED 
ATTACHMENT 
KERNEL ATTACHMENTS 
SUFFERING GREATEST 
TENSION AND BENDING 
Figure 6. Displacement of the loaded kernels may cause 
wedging of the kernel rows and tension on adja-
cent attachments 
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loading on shelltng of the ear. 
The kernels were again considered to be rigid wedges, 
but the cob was approximated as a hollow elastic cylinder. 
The interaction of the rigid wedges (kernels) and the elastic 
cylinder (cob) were considered with respect to their effect 
on the kernel attachments rather than considering the kernel 
attachments as a separate visco-elastic entity. Radial com-
pressive loading both with and without rows of kernels 
removed as well as axial loading were considered. The pro-
posed original shape and loaded shape of the cob approximated 
by an elastic cylinder as in this study are shown in figure 7. 
The conclusion of this analysis was that if the cob is 
deformed sufficiently, load transmissions between kernels 
will cause the necessary stress on kernel attachments to 
induce shelling. The system of forces applicable to a typi-
cal kernel when such cob defornation occurs is shown in 
Figure 8. Laboratory ear failure and deformation tests con-
ducted by the researchers verified that shelling is caused 
primarily by bending kernel-cob attachments. This bending 
is induced by moments set up by the kernel side contact 
forces as cob or kernel attachment deformation wedges the 
kernels together. 
In studying shelling in the conventional combine cylin-
der, Waelti (34) developed an analysis of external loading 
and kernel interaction forces that could cause shelling of 
from one to three rows of kernels. He indicated that the 
HOLLOW £LASTI ... 
CYLI DER 
2 
. ERl;EL ATTACHME TS HUST BE D 
WITH CYLINDER DEFORMAT I O 
APPLIED LO 
p 
Figure 7. The bending of kernel attachments resulting from 
cob deformation i the basis for a shelling theory 
by Johnson 
NORMAL FORCE , A 
FRICTI ON 
FORCE, B 
\ NORMAL FORCE, B 
· gure 8 . u ormat1on of the cob results 1n load trans -
mi sion. between kernels and stress on the kernel 
attachments 
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parameters which must be considered in analysis of kernel 
detachment forces are: 
1. The strength of the kerne attachment or attachments. 
2. The force and acceleration imparted by the applied 
load. 
3. The angle between the kernel axis and the kernel 
sides. 
4. The friction angle between adjacent rows of kernels. 
No experimental verification was made, however, for any of 
the derived force prediction equations. 
As the result of a series of kernel detachment tests, 
Fox (10) forwarded the hypothesis that subjecting the corn 
ear to repeated radial compressive loads may substantially 
reduce the tensile strength of the kernel attachment or pedi-
cel. In ears having a grain moisture content of 28 percent 
and a typical kernel radial detachment force of 4 pounds, he 
found that five cycles of compression reduced the required 
radial detachment force to less than 2 pounds. 
Establishment of Design Parameters 
The several theories of corn shelling, when combined 
with observations on existing machines, are relevant to the 
establishment of design considerations for a low damage corn 
shelling device. Based on the available information it was 
concluded that the new shelling machine should: 
1. Eliminate high impact forces such as those common 
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to the conventional cylinder-type sheller. 
2. Operate at speeds below those encountered in the 
conventional cylinder-type sheller. 
3. Impose forces on the corn ear only of controlled 
magnitude as opposed to the unrestricted loading 
characteristic of traditional machines. 
4. Impose forces on the corn ear only of controlled 
orientation as opposed to the random loading 
imposed by traditional machines. 
S. Subject the ear to repeated cycles of radial com-
pressive loading to reduce the kernel attachment 
strength. 
6. Allow for irrmediate discharge of the kernels upon 
detachment from the cob to minimize damage once 
shelling has been accomplished. 
7. Incorporate resilient or energy absorbing materials 
into the shelling mechanism to reduce bruising and 
abrasive damage to the kernels. 
Upon reaching the decision that each of the above 
objectives could be either wholly or partially realized by 
using a pneumatic cylinder in conjunction with an ear 
orientation roller and unidirectional bar concave for the 
shelling mechanism, additional requirements were outlined. 
The purpose of the additional design parameters was to 
facilitate the evaluation of both the corn shelling principle 
and the corn shelling machine in a laboratory testing 
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situation. These parameters were: 
1. Easily and independently adjustable concave and 
rol er clearances. 
2. Easy and infinite variability of the machine 
operating speed. 
3. Enclosure of the operating components of the 
machine, but in such a manner that visual obser-
vation is not restricted. 
4. Easy and infinite variability of the magnitude 
of forces imposed upon the corn ears. 
5. Easy collection of the total sample after each 
shelling trial. 
Principle of Operation 
The basic functional components of the roller sheller 
are the pneumatic primary roller, the pneumatic orientation 
roller and the unidirectional bar concave. These parts and 
their relationship to the total laboratory test stand are 
shown in the schematic diagram of Figure 9. 
The ears of corn are deposited randomly into the feed 
hopper at the top of the machine. As shown in the diagram 
rotation of both the primary and orientation rollers is in 
the counterclockwise direction, allowing for motion in the 
opposite sense at their nearest point. The purpose of the 
orientation roller is to allow passage of the corn ear only 
if it has attained an orientation parallel to the axis of 
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the two rollers. This resul~ is accomplished because the 
two rol ers are adjusted closely enough that deformation of 
one or both must occur to allow the ear to pass between 
them. If the ear has not obtained an orientation such that 
it can roll down between and thereby readily deform the two 
pneumatic cylinders, the orientation roller tends to push 
the ear back from between the opening. This action, in con-
junction with the feeder hopper baffles, also assists in 
giving the ear the proper positioning to allow its passage 
between the rollers. The rolling action between the two 
cylinders having differential surface speeds also serves to 
subject the ear to several cycles of compressive loading prior 
to its entrance into the concave area. 
Having passed the orientation roller the ear moves onto 
the concave, continuing the rolling motion that it has 
attained. The inflation pressure of the pneumatic primary 
roller determines the magnitude of the load applied to the 
ear. Shelling is induced in the concave area by the combina-
tion of rolling action and cyclic compressive loading imparted 
to the rows of kernels as the ear passes over the unidirec-
tional bar concave. The open area of the concave allows 
discharge of the grain once it has been detached from the 
cob. The cob then progresses out the end of the concave, 
and along with the grain empties into the lower collection 
hopper. 
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Description of the Design 
The machine was constructed in the form of a laboratory 
test stand to facilitate the objectives of examination of the 
shelling principle and evaluation of the kernel damage in-
flicted by the particular design in question. Because the 
objectives of the study did not make it a necessary function 
of the mechanism, no provision was made for separation of 
the cobs and chaff from the grain. Such separation and 
cleaning could easily be accomplished by conventional methods. 
The frame of the machine was fabricated from 2" x 4" 
rectangular steel tubing and serves to support a 11 of the 
other components of the machine. The primary roller is a 
25 x 24.00-8R Goodyear smooth tread Terra-Tire and is sup-
ported by a l l/~' shaft extending between the frame side 
rails. The relationship of the frame and primary roller is 
shown in Figure 10. The tubeless Terra-Tire requires a 
special rim to provide internal as well as external support 
to the bead for low pressure operation. 
The orientation roller was made by mounting together 
and keying to a 111 shaft a series of four 4.10/3.50-5 go-
kart racing slick tires. They were mounted in the concave 
carrier assembly such that they could be positioned adjacent 
to the primary roller, as shown in Figure 11, and such that 
the opposing sense of motion of the two tire surfaces would 
effectively orient the corn ears prior to their entering the 
concave area. 
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Figure 10. A 25 x 24.00-8R Goodyear smooth tread 
Terra-Tire forms the primary roller of 
the new shelling machine 
Figure 11. The orientation roller is mounted so that 
its surface motion opposes that of the 
primary roller 
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The concave carrier assembly, fabricated mainly from 
3/16" mild steel pl~te, also serves to support the parallel 
bar concave and houses the adjusting arms for alteration of 
concave clearance. The adjusting arms are positioned such 
that the upper end of the concave moves in an arc approxi-
mating the radius of the orientation roller, insuring that 
a smooth transition is always maintained for the corn ear 
as it enters the concave area. The completed concave carrier 
assembly and the relationship of the orientation roller and 
the concave are shown in Figure 12. 
The concave and orientation roller were combined in a 
single unit to facilitate assembly and disassembly, simplify 
roller and concave adjustment and minimize the time required 
to change the concave element. The concave carrier assembly 
has four mounting rollers at each side and is supported 
solely by two longitudinal guides welded inside the frame 
side rails. As such the concave carrier assembly may be 
installed, even with the upper and lower hoppers in place, 
simply by removing the frame end rail and positioning the 
rollers along the guides. The nature of this assembly pro-
cess is illustrated in Figure 13. 
Once the concave carrier assembly has been placed in 
position and the frame end rail replaced, the relative 
clearance of the primary and orientation rollers may be 
easily changed by turning the two adjusting handwheels that 
are mounted through the frame. The rollers on the concave 
37 
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Figure 12. The concave carrier assembly maintains 
a definite relationship between the 
concave and the orientation roller 
Figure 13. The concave carrier assembly is easily 
positioned along or removed from the 
supporting guides 
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carrier assembly simply move along their guides as indicated 
in Figure 14. 
The position of the concave with respect to the primary 
roller is also easily altered. The concave and its supporting 
members constitute a five-bar linkage. The fifth link is 
necessary to allow compliance so that independent adjustment 
of either end of the concave may be accomplished while the 
upper end maintains a proper relationship to the orientation 
roller. Arms of bellcrank configuration are pivoted within 
the concave carrier assembly and are joined to a threaded 
shaft by means of rotating connectors. Adjustment of either 
end of the concave may thus be made independently by turning 
the appropriate speed handle at the rear of the concave 
carrier assembly. A typical threshing slit clearance attain-
able with the adjustment mechanism is shown in Figure 15. 
The test machine was constructed such that two different 
concave materials could be used in the studies with regard 
to kernel damage. This provision was made because the reduced 
operational speed of the experimental sheller, as compared 
to the conventional cylinder-type sheller, seemed to indicate 
that the use of a resilient concave material might decrease 
bruising and abrasive action on the kernels. 
The basic concave was fabricated from thirty-two parallel 
3/8" round steel rods spaced on 7/8" centers and welded to 
four supporting ribs. Facility for easily mounting the con-
cave in the machine was provided by two internally threaded 
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Figure 14. The concave carrier assembly moves along 
its track on rollers and is adjusted by 
two handwheels 
Figure 15. Linkages allow independent adjustment 
of each concave end to obtain optimum 
shelling clearance 
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cross pipes running through the supporting ribs. This 
basic concave is shown in Figure 16. 
Rubberized or rubber-covered concave bars such as those 
used in the harvest of small seed crops were modified to fit 
the primary steel rod concave. Special clips were formed 
such that each rubber-covered bar caJld be secured over two 
of the round steel rods. The basic concave with the rubber-
ized concave bars installed is shown in Figure 17. This 
conversion technique provided a relative4y simple method 
for changing the concave bar material during testing of the 
new machine. 
Side panels of l/~· plexiglass were cut to closely 
conform to the edges of the primary roller and to fit between 
the concave and the concave carrier assembly. Members 
attaching these parts to the frame were recessed within the 
radius of the primary roller, and provided a means of en-
closing the threshing action without obstructing vision into 
this critical part of the machine. The upper feed hopper 
and lower collection hopper were both mounted directly onto 
the side panels to complete the enclosure while adding sta-
bility to the plexiglass parts. 
Power for the shelling unit was transmitted from an 
agricultural tractor through a conventional universal joint 
assembly. This arrangement allowed for changes in primary 
roller velocity directly from alteration of the tractor 
engine speed. A double V-belt drive with a spring-tensioned 
1 
Figure 16. The basic parallel bar concave was fabri-
cated from 3/811 diameter round steel rods 
Figure 17. Each rubber-covered concave bar was 
secured over two of the basic steel rods 
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idler was used to power the orientation roller. Selection 
of three sizes of interchangeable sheaves was made to allow 
for various combinations of orientation roller to primary 
roller speed ratios. The spring-tensioned idler allowed for 
adjustment of the orientation roller position without the 
need for retightening the belts. Figure 18 shows the drive 
side of the new sheller with hoppers and side panels installed 
for operation. 
To complete the design concept, shield the belt drive 
and minimize the scatter of loose kernels in the shelling 
process, sheet metal covers were fabricated for the machine. 
The covers were made in four sections and also have plexiglass 
side panels to allow visual inspection of the machine during 
its operation. The completed sheller with the covers 
installed is shown in Figure 19. During shelling trials the 
cobs and grain were collected together simply by placing a 
metal tray beneath the discharge hopper of the machine. 
Preliminary Tests and Modifications 
The basic machine was completed and preliminary shelling 
trials were begun in February of 1970. Some minor functional 
problems were recognized in the early testing and are sum-
marized as follows: 
1. The round-shouldered nature of the primary roller 
allowed occasional endwise feeding along its edges 
and resulted in the wedging of such ears against 
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Figure 18. The primary roller is driven directly 
from a tractor PTO while belts power 
the orientation roller 
Figure 19. Completely assembled the action of the 
roller sheller may be observed through 
the plexiglass sides 
44 
the side panels. 
2. Some "kick-back" of ears occurred when feeding 
the machine, especially at higher operating speeds. 
3. The tendency for occasional cob breakage to occur, 
especially in higher moisture corn, resulted in 
broken cob pieces lodging between the concave bars 
and caused abrasion of the smooth primary roller 
surface. 
Several modifications were made to improve the functional 
performance of the new machine. To eliminate the problem of 
ears feeding endwise along the edges of the primary roller 
baffles were installed to restrict the machine opening to the 
nearly flat surface of the tire center section. These baffles 
extended down to the narrowest opening between the primary 
and orientation rollers and restricted the width of the inlet 
to thirteen inches. 
Feeding of the machine was improved considerably by 
decreasing the inflation pressure and slowing the surface 
velocity of the orientation roller to approximately one-third 
that of the primary roller. A baffle was also installed 
extending from just above the nearest point of the two 
rollers an~ having a slight projection above the feeding area. 
To eliminate broken cob pieces from the concave a 
series of rubber lugs was cut and cemented axially on the 
center section of the primary roller. The lugs were not 
only very effective in clearing the concave of cob fragments, 
----------------------------
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but seemed also to facilitate feeding of the machine. 
Upon completion of these modifications the new machine 
was judged to be acceptable for evaluation of the shelling 
principle and a series of trials was performed to determine 
the effect of the various machine adjustments. Shelling 
efficiency1 , as a measure of machine performance, was used 
as the basis for selection of the important parameters for 
the new machine. Corn used in the preliminary trials 
ranged from 15 to 20 percent kernel moisture content. 
It was found that once a satisfactory position of the 
orientation roller with respect to the primary roller was 
established, the various corn moisture contents caused little 
effect on the ear orientation function. The clearance 
between the two cylinders was maintained at approximately 
three-fourths of an inch throughout the testing procedure. 
This clearance allowed for orientation of even com-
pletely shelled cobs without being unduly restrictive to 
feeding. 
Another conclusion of the preliminary testing was that 
adjusting the concave clearance had very little effect on 
the shelling performance of the machine. Inflation pres-
sure was found to be a much more significant parameter 
affecting shelling efficiency, and for this reason was 
1All shelling efficiencies ref erred to in this thesis 
are given in percent and are the ratio of shelled grain to 
the total machine throughput of grain as determined by weight. 
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se ected to replace concave clearance as a potential vari-
ab e in later testing. However, because the girth of the 
prirrary roller increased with increasing inflation pressure, 
available clearance around the tire limited inflation to a 
maximum of approximately 15 pounds per square inch. 
The operational speed of the primary roller was found 
to have a significant influence on shelling efficiency. 
Higher speeds consistently improved shelling efficiency, but 
a practical upper limit of approximately 350 RPM for the 
primary roller was established because of decreasing effi-
ciency in feeding and dynamic unbalance of the pneumatic tire. 
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QUA~ITATIVE DAMAGE COMPARIS04S 
Damage Determination Techniques 
Measurement of mechanical damage continues to be one 
of the most elusive problems associated with the harvesting, 
handling and marketing of corn. Although numerous investi-
gators have been confronted with the necessity of making 
mechanical damage determinations, no simple, consistent and 
conclusive method of damage evaluation is yet available. 
Something so basic as the very definition of mechanical 
damage has varied from investigation to investigation. 
The customary definition of mechanical damage in re-
search work includes all broken, chipped, crushed and 
cracked kernels, as well as those having any break in the 
pericarp, or seed coat. However, damage determinations are 
not always made on this basis, as exemplified by the broken 
kernel separation specified by the official USDA grain stan-
dards. 
Still greater complexity is added to the problem be-
cause the ultimate use of the grain may alter the importance 
of the measurable characteristics of damage. The seedsman, 
the processor and the feeder all have an interest in pre-
serving particular characteristics or properties of the grain. 
Therefore any one system of measuring kernel damage is only 
entirely valid for a specific situation and may, in fact, 
become a poor estimator of damage under other circumstances. 
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All current methods for determination of the level of 
mechanical damage fall into one of the following categories: 
1. Size grading processes. 
2. Visual inspection methods, including all those 
techniques designed to increase the speed and 
accuracy of visual determinations. 
3. Germination and seedling emergence tests. 
4. Seed respiration rate measurements. 
The first two of these methods are attempts to measure the 
quantity of damage, while the latter two tend to relate damage 
to its ultimate effect. 
The official grain standards of the United States 
Department of Agriculture include as a measure of cracked 
corn and foreign material a screening process using a No. 12 
(12/64 inch round hole) sieve. Byg et al, (8), Hall and 
Johnson (12) and Pickard (24) used the same or similar size 
grading techniques to obtain an estimate of relative damage. 
Because a size grading process does not separate all the 
kernels that may have suffered some form of mechanical damage, 
any attempt to use the results other than in a relative sense 
implies a correlation between the screened material and total 
damage. This relationship has not been verified in the 
literature. 
A common method of measuring mechanical damage of seed 
in . research activities is by visual inspection. This 
technique does afford a measure of the total damage in a 
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sample, but is tedious and time consuming. Schmidt ~ ~ 
(28) also report that considerable differences in results 
can occur between persons making the determinations, pri-
marily because of the judgment involved in defining minute 
fractures as damage. Schmidt also found that differences 
in results occurred even when the same investigator re-
counted the identical sample. 
The time required and the difficulty of making visual 
observations as well as the inconsistencies in results have 
led to modifications of the technique. Fast Green FCF dye 
treatment of seeds makes visual inspection easier and 
faster. This method was successfully used by Koehler (18) 
in determining seed coat damage in corn. The stain adheres 
only to the broken places in the pericarp and to the tip 
where the kernel has been attached by the pedicel. The 
stain has no biological effect so the seed can later be used 
for germination or emergence tests should that be desired. 
Tetrazolium staining has also been used by several 
researchers as an indication of grain damage. In this pro-
cess the viable portion of the seed is stained a dark red 
color by the chemical, 2,3,5 triphenyl tetrazolium chloride. 
The staining is the result of an oxidation-reduction reaction 
of the colorless solution within the live embryo of the seed . 
Staining does not occur if the seed is dead. Fox (10) 
reports that this procedure is something of an art and 
requires a good knowledge of the seed parts and a great deal 
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of experience because the differences in staining are dif-
ficult to detect. 
Another technique that has been app ied to aiding visual 
determination of damage in corn is soaking of the seeds in a 
sodium hypochlorite solution. This procedure tends to swell 
minute cracks in the seed that might otherwise be overlooked. 
Following experimentation with this technique Fox (10) indi-
cated that this is a time consuming process and adds little 
in making damaged kernels more easily recognizable. 
Germination and seedling emergence tests have been used 
as a measure of mechanical damage by several researchers. 
Arnold (2), in experiments with various threshing cylinders, 
used acid germination tests to identify mechanical damage 
in barley. This process involves soaking the grain in a 
sulfuric acid solution prior to germination. If the seed 
coat is damaged the acid will destroy the capability of the 
seed to germinate, while sound grains are not affected. A 
disadvantage of this type of test is that results are not 
quickly available, since germination counts cannot be made 
for several days. 
Seedling emergence tests on commercial corn seed were 
made by Koehler (18) and were correlated with the various 
types of kernel pericarp damage. This method, however slow, 
not only indicated the effect of damage on the potential 
. 
for emergence, but allowed for differences in vigor of the 
surviving plants as well. 
s 
Measurements on the rate of grain respiration have fre-
quently been made, but have not been related to the extent 
and characteristics of mechanical damage except by Steele 
(29). The increase in the rate of deterioration (or dry 
matter loss) caused by mechanical damage was estimated by 
measurement of corresponding increases in carbon dioxide 
production of the grain. Although relatively consistent 
results have been obtained, this procedure requires con-
siderable t i me and specialized equipment. 
The technique of damage measurement selected for quan-
titative damage comparisons of the new sheller and the 
cylinder-type sheller was that of visual kernel examination 
aided by treatment with Fast Green FCF dye. This method is 
consistent with the definition that damaged corn includes 
any kernel having a ruptured seed coat. 
However, because Schmidt ~ ~ (28) indicated that 
Fast Green FCF dye may not be effective in improving the 
precision of the damage estimate, several experiments were 
made prior to counting the test samples. Kernels were 
selected from corn shelled with a conventional cylinder-type 
sheller and having either damage that was difficult to 
detect or requiring judgment with regard to its existence. 
These kernels were then treated with the dye and examined 
again. 
The treatment was consistent in making the damaged 
kernels more easily recognizable, and considerably reduced 
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the time required to sort the damaged seeds from a given 
sample. Several kernels having damage that was difficult 
to detect are shown prior to staining in Figure 20. The 
identical kernels after treatment with Fast Green FCF dye 
are shown in their exact same positions in Figure 21. The 
improved contrast in combination with the swelling effect 
caused by soaking the seeds in the dye solution greatly 
facilitated location of the damaged areas. The difficulty 
of judging whether or not damage does exist on a particular 
seed is similarly reduced by using the Fast Green FCF dye 
technique. 
From review of the literature it was concluded that one 
method of damage determination has the potential to yield 
some information beyond that of the technique selected. 
Steele (29) indicated that measurement of carbon dioxide 
production may be a more meaningful method of evaluating 
mechanical damage than visual observation, especially with 
regard to storage of field shelled corn. Carbon dioxide 
production accounts for damaged (bruised) seed in which 
rupture of the seed coat does not occur, and also distin-
guishes between the different types of kernel damage that 
are given equal weight in visual observation techniques, but 
cause different rates of deterioration. However, the method 
of measuring carbon dioxide production requires excessive 
time for analysis of large numbers of samples and necessitates 
the use of specialized equipment. Additionally, results of 
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Figure 20. Typical mechanically damaged kernels prior 
to treatment with Fast Green FCF dye 
Figure 21. The identical mechanically damaged kernels 
shown in Figure 20 after treatment with 
Fast Green FCF dye 
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visua damage determinations are at this time more readily 
comparable to results of other studies on mechanical damage 
in corn shelling. 
Description of Test Procedure 
The quantitative damage tests were designed to compare 
the leve of damage inflicted by the new roller sheller 
with that caused by the traditional cylinder-type sheller, 
and to study the influence of the various machine para-
meters on the injury of the grain. The tests were designed 
with similarities that facilitated comparison of the two 
machines and allowed statistical interpretation of the data. 
The roller sheller was operated both with the steel 
bar concave installed and with the rubberized bar concave 
installed. Identical variation of all parameters was 
repeated for both components, and allowed for a direct com-
parison between the two concaves. 
The machine used as a representation of a conventional 
shelling mechanism was a Ford series 11 601 11 sheller unit. 
This machine was designed specifically for corn and intended 
for use with a tractor-mounted picking machine. Shelling 
is accomplished by a rasp-bar cylinder eighteen inches in 
length and sixteen inches in diameter. The grate- type con-
cave is made from a steel plate perforated with oblong holes 
and utilizes four half-round shelling bars to facilitate 
removal of the grain from the cob. The functional components 
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of the roller sheller are shown in Figure 22, and may be 
compared with the cylinder and concave combination from 
the Ford series 11 601" sheller shown in Figure 23. 
The Ford shelling unit was modified at Iowa State 
University for use in an experimental corn plot harvester, 
but was used as a stationary sheller in the kernel damage 
tests. And because the concave clearance and cylinder 
speed were easily adjustable this machine was well suited 
to the test procedure. 
Because it is an area of great interest in mechanical 
harvesting damage, corn of moisture contents up to 30 per-
cent would have been desirable for the damage comparisons. 
However, because the tests were conducted in March no high 
moisture corn was available directly from the field. Instead, 
an indication of machine performance at high grain mois-
ture contents was obtained through the use of ear corn that 
had been maintained in refrigerated storage since harvest. 
This variety was P.A.G. SX-7 and averaged nearly 25 percent 
moisture upon removal from the storage facility. 
Two other ranges of kernel moisture content were 
established by taking corn which averaged approximately 19 
percent moisture directly from an outdoor storage structure, 
and by air drying a part of this corn indoors to an average 
of approximately 14 percent kernel moisture. The corn 
variety in both of these instances was Dekalb XL-45. 
Although the practice of using two corn varieties does 
So 
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Figure 22. The functional omponents of the roller sheller 
~ere evaluated with respect to the grain damage 
they inflicted 
crui.oui nuiR pun 
F igure 23. The rasp-bar cylinder and grate concave from 
the Ford 11 601 11 sheller were used for damage com-
parisons 
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not allow for strictly valid comparison of damage between 
the higher and lo~r moisture ranges it does not affect the 
relative comparison of damage between the two machines. 
Some confidence is also regained for comparison of the 
several moisture ranges by noting that Fox (10) found vari-
ety to be an insignificant parameter in tests with a combine 
cylinder and his compression shelling cylinder. Waelti (34) 
did find variety to be influential in tests with a conven-
tional combine cylinder, but associated this variation with 
differences in the physical properties of the cob and grain. 
Because the physical structure of both the cob and kernels 
of the two varieties available for the damage comparison 
trials were very similar, some evidence was established that 
they may react quite similarly to mechanical abuse during 
shelling. 
The variables selected for testing the cylinder-type 
sheller were those indicated to be most significant by 
other researchers investigating mechanical grain damage. 
The actual machine settings used in the tests were based on 
the manufacturer's suggested adjustments (9). One setting 
on each side of the recommendations of the manufacturer was 
used for each variable. The variables and machine settings 
selected for the damage tests using the cylinder-type 
sheller are shown in Table 1. 
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Table 1. Variables used in cylinder-type sheller tests 
Grain Moisture Cylinder Concave 
Content Speed Clearance 
14% 550 RPM 1/2 inch 
19io 670 RPM 5/8 inch 
25% 790 RPM 3/4 inch 
The variables selected for testing the roller sheller 
were those found to have the greatest effect on machine per-
formance during the preliminary trials. The variables used 
in evaluating the roller sheller are analogous to those used 
in testing the cylinder-type sheller and thereby facilitated 
comparison of the two machines. The additional variable 
considered in the roller sheller tests was that of concave 
material. The variables and machine settings selected for 
the damage tests using the roller sheller are shown in 
Table 2. 
Table 2. Variables used in roller sheller tests 
Grain Moisture 
Content 
14io 
19°/o 
25% 
Concave Bar 
Material 
Steel 
Rubber 
Roller 
Speed 
125 RPM 
225 RPM 
325 RPM 
Roller Inflation 
Pressure 
7 PSI 
11 PSI 
15 PSI 
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Ears of corn were randomly selected from the three 
moisture ranges and any remaining husks were removed. Be-
cause all of the corn used in the damage tests was mechan-
ically picked any ear showing pr~vious damage or abrasion 
was discarded. Two replications were made for each machine 
setting and a 15 ear sample was considered one run. 
When working with the cylinder-type sheller the ears 
were fed into the cylinder by the rubber flight conveyor 
of the corn plot harvester. The shelled grain was allowed 
to pass through the cleaning section of the machine and the 
sample was collected from the clean grain elevator. The 
total machine, of which the cylinder-type sheller is a part, 
is shown in Figure 24. 
For a given machine setting the two replications of 
each of the three moisture contents were run in a random 
order. Then the cylinder speed was changed and the process 
repeated. After completing runs with all three cylinder 
speeds the concave clearance was altered and the procedure 
was again initiated from the beginning. This process was 
repeated until all three concave clearances had been used, 
resulting in a total of 54 samples collected. 
The 15 ear samples were hand fed into the roller 
sheller and the cobs and grain were collected together in a 
pan beneath the machine. To obtain a typical grain-tank 
sample from both machines, the material from the roller 
sheller was introduced into the cleaning area of the plot 
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harvester through the inspection and clean-out opening Just 
behirxi the cylinder and shown in Figure 25. Having been 
subjected to the identical cleaning function as the cylin-
der-type sheller samples, the grain was again collected 
from the clean grain elevator. 
The testing sequence for the roller sheller was simi-
lar to that for the conventional cylinder-type sheller 
except that the two concave bar materials required an 
additional duplication of the entire procedure. This re-
sulted in a total of 108 samples collected for the roller 
sheller. Two hand shelled samples were also collected for 
each moisture range to serve as an indication of grain damage 
prior to the shelling processes. 
In the case of both the cylinder-type sheller and the 
roller sheller all unshelled kernels were removed from the 
cob and weighed. The weight of the shelled kernels from 
each sample was also obtained and used in conjunction with 
the weight of the unshelled material to determine the 
shelling efficiency for each run. 
Immediately after shelling, the moisture content of each 
sample was obtained by using the Radson model 300 Grain 
Moisture Tester shown in Figure 26. Two replications were 
made from each sample and the moisture content was recorded 
as their average. Subsamples of approximately 280 grams 
. 
were taken and allowed to air dry for damage evaluation at 
a later date. 
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Figure 24. The experimental corn plot harvester 
with cylinder-type sheller used in the 
damage comparison tests 
Figure 25. The inspection door just to the rear of 
the cylinder provided access to the plot 
harvester's cleaning area 
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Damage determinations on the test samples were made 
by the Iowa State University Seed Laboratory. All of the 
168 samples were evaluated by the same observer to eliminate 
any irregularities that may be caused by differences in 
individuals. The samples were reduced to approximately 100 
grams by passing them through a Gamet seed divider. 
Fast Green FCF dye was used to make visual observation 
of damage easier and improve the accuracy of the results. 
The dye was mixed with water to produce a 0.1 percent solu-
tion in which the kernels were soaked for five minutes. 
The kernels were then removed from the dye and rinsed with 
clear running water for approximately one minute. Rinsing 
removes the dye from the sound portions of the seed coat, 
but does not remove it from any part of the seed that may 
be exposed because of a rupture in the kernel pericarp. 
Finally, the s~eds were spread on paper towels and allowed 
to air dry prior to separation of the damaged kernels. 
Some of the equipment used in the damage determination pro-
cess is shown in Figure 27. 
The damaged kernels from each sample were separated 
into three different categories to more completely investi-
gate the nature of damage occurrence and analyze the 
relationship of total mechanical damage to its various com-
ponents. 
The material that would pass through a No. 12 sieve 
was screened from the sample first, and severely broken 
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Figure 26. A Radson model 300 Grain Moisture Tester 
was used to measure kernel moisture con-
tent after each shelling trial 
Figure 27. Samples were sieved and severely broken 
kernels removed prior to staining the 
remaining seeds with Fast Green FCF dye 
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kerne s were visually separated prior to the staining of 
the remainder of the seed. After the Fast Green FCF dye 
treatment was applied, the kernels having minor and peri-
carp damage were separated from the sound kernels with the 
aid of a lighted magnifying lens. 
Analysis of Test Results 
A significant reduction in kernel damage during 
shelling resulted from using the roller sheller as compared 
to the conventional cylinder-type sheller. To obtain a 
relative comparison of the levels of total damage inflicted 
by the three machines, a value of 1 was assigned to the mean 
level of damage caused by the cylinder-type sheller at each 
grain moisture range. Then the relative value of mean 
darrage inflicted by the other machine was computed on this 
basis for all of the quantitative damage trials. This com-
parison of the relative levels of kernel crackage caused by 
each machine is shown in Table 3. 
Table 3. Relative levels of total damage caused by the 
machines tested 
14io l 9io 25% 
Machine Moisture Grain Moisture Grain Moisture Grain 
Cylinder-Type l 1 1 
Sheller 
Roller Sheller 0.62 0.56 0.79 
w/ _Steel Bars 
Roller Sheller o.44 0.51 0.86 
w/Rubber Bars 
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The actual percentages of total kernel damage resulting 
from the use of each machine are compared with variation 
in grain moisture content in Figure 28. 
The variation in total damage with moisture content 
occurred in the characteristic manner for the combine 
cylinder, with highest damages occurring at the extremes 
of grain moisture. Minimum kernel damage occurred at 
approximately 19 percent kernel moisture. The damage 
caused by the roller sheller using the steel concave bars 
varied in a similar manner. However, while the rubber 
concave bars caused an even lower level of mechanical damage 
at low moisture contents, a higher level of damage than that 
inflicted by the steel concave bars was observed at kernel 
moisture contents above approximately 23 percent. 
It is important to note that the shelling efficiencies 
of the cylinder-type sheller and the roller sheller with 
the steel concave bars were very similar throughout the 
tests. However, the roller sheller with the rubber concave 
bars effected consistently lower shelling efficiencies than 
the other machines in corn having moisture contents of 
approximately 19 percent and above. This fact may have had 
some effect on the high moisture damage determinations from 
this machine because samples were only taken from that por-
tion of the grain that was detached from the cob. The varia-
tion in shelling efficinecy caused by increasing moisture 
content is shown in Figure 29 for the intermediate adjustment 
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at which each machine was tested. 
The relationship of total damage to the several rra.chine 
variables is relevant in attempting to understand the causes 
of mechanical damage during shelling. To identify those 
parameters that may significantly affect the level of damage 
inflicted by the new machine an analysis of variance was 
performed on the test data. For comparison, a similar anal-
ysis was made for the conventional cylinder-type sheller. 
A factorial experiment was designed using those parameters 
identified prior to running the quantitative damage tests. 
The analysis of variance for total damage caused by the 
cylinder-type sheller is shown in Table 4. The information 
provided by this analysis offers verification that the 
cylinder-type sheller used in the machine comparisons is 
similar in damage inflicting characteristics to other 
commercial cylinder and concave combinations. Cylinder 
speed, concave clearance and grain moisture content were all 
found to be important variables affecting kernel damage, 
while none of the two and three factor interactions were 
significant. 
By comparison, the effect of machine variables is far 
less important with the roller sheller. This characteristic 
is indicated by the analysis of variance shown in Table 5 
' for total damage caused by the roller sheller. Moisture 
content of the grain was the most important variable 
affecting the level of damage caused by the roller sheller, 
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while the only significant machine parameter was roller 
speed. The effects of concave bar material and roller in-
flation pressure were not significant with respect to the 
level or total damage. Several interactions were found to 
be significant for the roller sheller. However, the only 
interaction significant at the 1 percent level was that of 
roller inflation pressure and grain moisture content. 
Visualization of the effect of the various parameters 
on total kernel damage for each machine and at the various 
moisture contents is afforded by three-dimensional graphs 
shown in Figures 30, 31 and 32. The levels of damage for 
a given moisture range inflicted by each machine are given 
together for comparison. The general trend for all the 
machines is that of increasing damage with increasing 
operational speed, and increasing damage with decreasing 
concave clearance or increasing roller inflation pressure. 
However, the levels of damage are consistently lower for 
the roller sheller. 
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QUALITATIVE DA.'1AGE COMPARISONS 
Relative Severity of Types of Damage 
Most investigations that have been performed on grain 
damage have been concerned primarily with the quantitative 
level of kernel injury. For example, if total damage was 
observed, as by Alderson (1), Fox (10) and Morrison (21) in 
corn, every seed separated from the sound grain was given 
equal weight in the damage analysis. o consideration was 
given to the severity or location of the damage on the kernel. 
Koehler (18) and Steele (29), however, both recognized 
that the type of damage suffered by the kernel may influence 
the deterioration of certain qualities of the grain. Which 
properties of the grain are most important depends, of 
course, on its ultimate use. While the seedsman may be 
greatly interested in maintaining seed viability, the feeder 
may find its loss of little consequence. He may instead be 
concerned with factors that influence the storability of 
grain from the time of harvest until its consumption. The 
type and severity of kernel damage affects both of these 
grain properties, but it may do so in different ways. There-
fore an evaluation of the relative importance of certain 
types of damage must depend heavily on the final use of the 
grain. 
Steele (29), by measurement of carbon dioxide pro-
duction, evaluated different types of artificial mechanical 
77 
damage and their relationship to grain deterioration (dry 
matter loss) with time. He cone uded that seeds either 
broken or cut engthw1se suffered the greatest amount of 
deterioration. He also ~ndicated that the rate of dry 
matter loss was substantially increased when the embryo 
tissue was damaged. In general, the rate of carbon dioxide 
production was nearly doubled when the same artificial 
damage treatment was applied to the embryo as to the endo-
sperm portion of the kernel. In conclusion Steele noted 
that shelling methods which reduce or eliminate seed damage, 
particularly in the embryo area, would be desirable. 
Koehler (18) conducted experiments with commercial 
seed corn samp es and reported on the relationship of 
various pericarp injuries to seed viability. He concluded 
that severe injury to the crown of the seed (one-fourth or 
more of the crown pericarp missing) had the greatest detri-
mental effect on seedling emergence. Slight crown injury 
was found to be somewhat less important. Cold tests indi-
cated that green weight per plant was reduced more with both 
types of crown injury than with any other type of pericarp 
damage. Injury to the upper part of the embryo ranked next 
in severity in limiting the germination and emergence poten-
tial of corn seed. 
Description of Test Procedure 
Having already determined the quantitative relationship 
of kernel damage inflicted by the cylinder-type sheller and 
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tne roller sheller, chis experiment was designed to investi-
gate any differences Ln the qualitatLve nature of damage 
caused by the two machines. The combination of results from 
both comparisons was considered necessary for the complete 
evaluation of the newly desLgned machine. 
Four new categories of kernel damage were defined for 
this comparison, being more compatible with those types of 
damage identified as having particularly serious effects on 
losses in grain quality. The classifications of type of 
kernel damage used in the study were: 
1. Seriously broken and damaged seeds. 
2. Seeds damaged in the area of the embryo. 
3 . Seeds damaged in the area of the crown . 
4. Seeds suffering minor pericarp damage or abrasion . 
The category of seriously broken and damaged kernels was 
defined as including those seeds with more than one-fourth of 
the kernel missing and their disconnected parts, as well as 
those seeds with an open crack not restricted to the embryo 
or crown area. Kernels with less than one-fourth of the 
seed missing or with open cracks or punctures restricted to 
either the embryo or crown area of the seed were placed in 
their respective damage category. Seeds with only the tip 
cap broken off were not considered to be damaged. The level 
of damage in each category was determined on the basis of 
. 
weight. 
To eliminate the effect of quantitative differences in 
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th eve of kerne injury, t he eve of damage in each 
category was tabu ated as a µercentage of the total damage 
for each samp e. This al owed for a direct comparison of 
differences in the type of damage caused by the two machines. 
On y the cy inder-type sheller and the roller sheller 
with the round steel concave bars installed were used in 
this experiment. The shelling efficiencies and other para-
meters were most nearly the same for these two machines, 
eliminating the need for introduction of other variables such 
as roller speed and roller inflation pressure. 
Corn of three different moisture ranges was used to 
obtain the effect of a variable common to both machines on 
the type of damage inf icted upon the grain. The origin of 
the grain was the same as that used in the quantitative damage 
comparisons. Only ears with no apparent previous damage 
were selected and any remaining husks were removed. 
Five replications were made of each run for the three 
moisture contents and for each machine. A group of five ears 
was used to obtain each sample. Measurement of moisture con-
tent was made imnediately following each shelling trial, and 
any corn remaining on the cob was hand shelled and weighed 
for evaluation of shelling efficiency . The samples were then 
air dryed and visual y separated into the various damage 
c~tegories at a later date. Each kernel was handled separa-
tely and individually examined to accurately evaluate even 
very minor instances of kernel damage. 
8 
Ana ysis of Test Resu ts 
Very little difference in tne type or quality of Kernel 
damage could be identified by visual observation of the sam-
p es prior to their separation into the various damage cate-
gories. This fact is illustrated in Figures 33 and 34, 
which depict typical kinds of kernel damage inf icted by the 
cylinder- type sheller and the roller sheller. 
Comparison of the mean percentages of each type of 
damage does, however, indicate some differences in the com-
position of the total damage. The levels of the various 
categories of damage are given as percentages of total damage 
in Table 6 . 
Table 6 . Type of damage as a percentage of total damage f or 
the cylinder- type sheller and fo r the roller sheller 
with steel concave bars 
Moisture 
Content 
15. Oto 
17 . 5io 
21 . 0% 
15 . 0% 
17. 5io 
21. Oio 
io Severe 
Damage 
io Embryo 
Damage 
°lo Crown 
Damage 
Cylinder-Type Sheller 
24.9 7. 1 27. 1 
23.6 6.1 20 . 5 
22.7 7.8 13 . 3 
Roller Sheller 
35.1 5.1 13.0 
29.2 8.2 14.2 
33.6 8.2 9.0 
io Pericarp 
Damage 
40 . 9 
49.8 
56.2 
46 . 8 
48.4 
48 . 9 
The most obvious conclusion to be drawn from this com-
8 1 
Figure 33. Typical obvious kernel damage caused 
by the conventional cylinder-type 
sheller 
Figure 34. Typical obvious kernel damage caused 
by the newly developed roller sheller 
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oari on of the two machines is that a higher percentage of 
the tota damage inf icted by che ro er she ler is of a 
severe nature, whi e a ower percentage of crown damage is 
inflicted. Little difference between the two machines is 
exhibited by either the eve of embryo damage or the eve 
of pericarp damage when computed as percentages of the total 
damage. However, the ro er shel er is noticeably more in -
sensitive to grain moisture content with respect to both 
c rown damage and pericarp damage than is the cylinder- type 
shel er . 
An analysis of variance was performed for each of the 
categories of damage to verify the effect of the shelling 
machine utilized and the grain moisture content on the c om-
po~ition of total damage. These analyses are tabulated in 
Appendix C. In summary, the effect of the shelling machine 
was found to be significant at the 1 percent level for the 
percentage of severe damage and for the percentage of crown 
damage . The machine was not found to be significant for the 
other categories of damage. The effect of grain moisture 
content was found to be significant at the 1 percent level 
for the percentage of crown damage and significant at the 5 
percent level for the percentage of pericarp injuries . 
The significance of these differences in the composition 
of the total kernel damage are better understood by exami-
nation of Table 7. 
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Table 7. Type of damage as a percentage of the total sample 
for the cy inder-ty?e she ler and for the roller 
sheller with stee concave bars 
1oisture 
Content 
15.0% 
17. 510 
21. 0% 
15. 01o 
17. 510 
21.0% 
% Severe 
Damage 
% Embryo 
Damage 
% Crown 
Damage 
Cylinder-Type Sheller 
10.7 
9.6 
10.6 
6.2 
5. 1 
7.8 
3.0 
2.5 
3.6 
Roller Sheller 
0.9 
1. 4 
1.9 
11. 6 
8.4 
6.2 
2.3 
2.5 
2.1 
"lo p . ,, ericarp 
Damage 
17.5 
20.3 
26.1 
8.3 
8.5 
11. 4 
Table 7 shows the level of each type of damage as a 
percentage of the total sample. Even though the percentage 
of the total damage that is of a severe nature is greater for 
the roller sheller, the quantity of severe damage in the total 
sample is still less than that inflicted by the cylinder-type 
sheller. In addition, the quantities of both crown damage 
and pericarp damage in the total sample are much smaller for 
the roller sheller than for the cylinder-type sheller. 
This analysis, when combined with the quantitative 
damage comparison, provides a more complete understanding of 
the damage inflicting characteristics of both the roller 
sheller and the cylinder-type sheller. Cons ideration of the 
various kinds of kernel damage allows for weighting the damage 
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com0arison ~ith respect to the u timate use of the grain. 
The cone usions of Koeh er ( v) and Stee e (29) with respect 
to the relative severity of the various types of damage 
indicate that the quantitative damage comparison by itself 
may overestimate the real advantage of the roller sheller 
if the grain is to be stored. On the other hand, the advan-
tage of the new machine in the shelling of corn for seed 
production may be greater than that indicated by the quanti-
tative damage comparison with the cylinder-type sheller. 
8 4 
EVALUATIO OF DAMAGE CO~PARISO TECH I UES 
Introduction 
One of the reasons for dividing the quantitative damage 
comparison samples into different damage categories was to 
study the relationship of one classification of damage with 
another. Finding the quantity of material that will pass 
through a 12/64 inch round hole sieve is a simple process. 
Separating the obviously broken kernels is also a much less 
difficult procedure than identification of the total amount 
of mechanical damage. If a significant relationship were 
to exist between total kernel damage and either or both of 
the more readily evaluated segments of damage, they might 
serve as valid estimates for determinations of total damage. 
Use of the No. 12 sieve is the method outlined by the 
United States Department of Agriculture official grain stan-
dards for estimation of the amount of broken grain and 
foreign material in corn. This procedure has also been 
used by various investigators, including Goss£! al, (11), 
Hall and Johnson (12) and Pickard (24), to evaluate relative 
mechanical damage in harvesting machine comparisons. No 
verification is offered in the literature, however, that a 
consistent or accurate relationship exists between the 
damage estimate obtained by this method and the total damage 
oecurring in the sample. 
Schmidt£! s..l.... (28), in studying the precision of 
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estimating mechanical damage in shelled corn suggested that 
some relationship may exist between obviously broken damage 
and total damage. The exact nature of that correlation was 
not revealed, however, on the basis that the variation be-
tween samples was too great to merit its further investi-
gation. 
either has any attempt been made to determine whether 
differences in these damage estimators may be caused by the 
type of shelling action or the various biological parameters 
associated with kernel crackage. More directly, it is 
possible that a valid comparison cannot be made between two 
shelling mechanisms (such as the cylinder-type and roller-
type shelters) by using a damage estimator such as the No. 
12 sieve. 
Correlation of Damage Variables 
The data for these comparisons was obtained from the 
quantitative damage study, and involved a simple division 
of each sample into categories of damage characterized by 
increasing difficulty in detection. The four classifications 
of kernels derived from each sample for use in this experi-
ment were: 
1. Material that will pass through a No. 12 (12/64 
inch round hole) sieve. 
2. Kernels that are easily reconizable as being 
severely broken. 
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3. Kernels that have either minor damage or pericarp 
njurie s. 
4. Kernels that are undamaged. 
In this analysis the distinction between kernels that were 
considered severely broken and those considered to have minor 
damage was made on the basis of those kernels having, respec-
tively, either more or less than one-fourth of the seed 
missing. Typical examples of the grain that was separated 
into each of the damage categories are shown in Figure 35. 
Seeds with only the tip cap missing were not considered to 
be damaged. The proportion of the total sample belonging in 
each category of separation was determined on the basis of 
weight. 
The correlation coefficient, r, was determined for both 
the relationship of material passing through a No. 12 sieve 
and that of obviously broken damage to the level of total 
kernel injury. As previously noted, total damage was deter-
mined by visual observation in the quantitative damage tests. 
The correlation coefficients obtained are shown in Table 8. 
Table 8. Correlation coefficients, r, for segments of 
damage to total damage 
Degrees of Material Through 
Freedom No. 12 Sieve 
Cylinder-Type 53 0.37** 
Sheller 
Roller Sheller 107 0. 16 
**Indicates significance at 1 percent evel. 
Obvious 
Damage 
0.65** 
0.36** 
87 
Through 12/6411 sieve Severe damage 
Pericarp and minor damage Sound kernels 
Figure 35. Typical classification of damaged and sound kernels 
as used in the damage correlation study 
Tests for significance of the correlation coefficient 
indicate that there is a definite positive correlation be-
tween obviously broken damage and total observed damage for 
both the cylinder-type sheller and the roller sheller. 
However, the correlation between the material passing 
through a No. 12 sieve and total kernel injury is only 
significant for the cylinder-type sheller, while being 
rather uncertain in the case of the roller sheller. 
However, in no case does the correlation coefficient 
indicate that measurement of only one segment of damage might 
be a successful estimator of total kernel injury. Even 
though the correlation coefficient of o.65 for the relation-
ship of obvious to total damage with the cylinder-type 
sheller is high in terms of biological materials, the r 2 of 
0.422 indicates that only about 42 percent of the variation 
in total damage may be explained by variations in the level 
of obviously broken damage. Similarly, less than 14 percent 
of the variation in total damage caused by the cylinder-type 
sheller may be explained by measuring the material that will 
pass through a 12/64 inch round hole sieve. 
The lack of correlation between the various segments 
of total kernel damage and total damage itself may be par-
tially explained by the effects of the machine used in the 
shelling process and the moisture content of the grain. 
For a close linear relationship to exist between total 
kernel damage and one of its component parts, that segment 
of damage must be a fixed and consistent percentage of 
total kernel injury. 
That this situation does not exist in corn damage de-
terminations can be illustrated by expressing the levels of 
material passing through a No. 12 sieve and severe y broken 
kernels as percentages of total damage. Graphical represen-
tations of these percentages for each of the machines and 
for the vari~s moisture content ranges tested are shown in 
Figures 36 and 37. The plots afford a visual indication 
that the relationship between the sieved and severely broken 
segments and total kernel damage is dependent upon both the 
machine used in the shelling process and the moisture content 
of the grain. Of course other parameters may also influence 
the correlation between total kernel damage and its more 
easily measured components. 
If grain moisture content did not affect the relation-
ship between total kernel damage and the appropriate segment 
of it, all of the lines on the plots would be straight and 
horizontal. And if the machine used in shelling the grain 
was not influential in changing the relationship of the same 
two variables, all three lines on each graph would be 
coincident. 
Therefore neither measurement of the material that will 
pass through a 12/64 inch round hole screen nor separation 
of all severely broken kernels is a reliable method of 
evaluating kernel damage in corn. Nor can a valid quanti-
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Figure 36, Relationship of material passing through a ~o. 12 
sieve to total damage 
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Figure 37. Relationship of severely broken kernels to total 
damage 
tative comparison of tota damage be effected between 
machines, or even between ranges of moisture content with 
the same machine, by simple measurement of the segments of 
total kernel damage. 
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HIGH SPEED PHOTOGRAPHY STIJDY 
Introctuc tion 
The design of the roller sheller was based in part on 
the hypothesis that corn kernels may be detached from the 
cob by repeated application of radial compressive loads. 
Investigations by Halyk (13) and Johnson~~ (15) have 
resulted in theoretical explanations of how kernel detach-
ment may be accomplished by this type of shelling action. 
Neither of these studies, however, examined the corn 
shelling process in a continuous dynamic sense. The pre-
dicted results were obtained by impacting the corn ear in 
various manners, but the actual phenomenon of shelling was 
not observed. Therefore the correctness of the assumptions 
made in the development of each shelling theory could not 
be guaranteed. 
High speed photography was implemented both to determine 
the actual mode of kernel detachment caused by the roller 
sheller and to relate the kernel detachment process to the 
theories of shelling proposed by other researchers. The 
films obtained also revealed some interesting functional 
characteristics of the pneumatic roller and concave combina-
tion that could not have been observed without application 
of this technique. 
Fox (10) conducted a similar study using high speed 
photography to evaluate the shelling action of both a con-
9 3 
ventiona combine cylinder and the com?ression-type she ling 
mechanism he developed. He reported that, in general, with 
the conventional machine the corn was completely shelled 
after approximately one revolution of the rasp-bar cylinder. 
The kernels that were not directly contacted by the rasp-
bar or concave were apparently she led by a combination of 
deflection of the cob and the force due to acceleration 
imparted to the ear by the rasp-bar. 
In studying high speed motion picture films of the com-
pression-type shelling mechanism Fox reported that instead 
of shelling occurring by a squeezing and rolling action as 
hypothesized, a great deal of shelling occurred at the 
point of the feeder plate designed to direct the ear between 
the opposing rollers. Fox's films therefore did not allow 
for a completely comprehensive study of the shelling process 
as accomplished only by dynamic radial compression. 
Test Equipment and Procedure 
The camera used in making the high speed motion pic-
tures was a HYCAM Model K2004E full frame 16 mm unit capable 
of framing rates of 100 to 11,000 pictures per second. The 
camera, shown in Figure 38, has a film capacity of 400 feet 
and is designed for electronic speed control regulation at 
framing rates up to 5000 pictures per second. The camera 
was equipped with a 50 mm lens for photographing the action 
of the roller sheller. Kodak Tri-X reversal film and 4X 
9 
negative film, having speed indexes of 160 and 500 respec-
tively, were used during the filming. 
Although the high speed photography was performed out-
doors additional floodlighting was necessary to eliminate 
shadows and for correct exposure of the film. Both the 
covers and the plexiglass side panels were removed from the 
roller sheller to eliminate glare and obtain maximum clari-
ty in the pictures. The equipment and procedure used in 
the high speed photography study are shown in Figure 39. 
The roller sheller was operated at a primary roller 
speed of 200 RPM and with a roller inflation pressure of 10 
pounds per square inch. Camera speed was set at 1500 frames 
per second as a compromise between increased time extension 
and loss in clarity of the resulting films. Ears were hand 
fed into the machine, allowing the shelling of approximately 
four ears to be recorded on each 100 foot roll of film. 
Because of the length and contour of the concave the shelling 
area was photographed in three segments. 
Corn with moisture content ranges of approximately 14 
and 19 percent were used in the high speed photography 
study to evaluate the hypothesis made by Halyk (13) that 
radial compressive loading may not effectively induce shelling 
at moisture contents in excess of approximately 16 percent. 
Both the round steel and rubber-covered concave bars were 
. 
used in the machine during the high speed filming. 
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Figure 38. The HYCAM Model K2004E camera is capable 
of framing rates up to 11,000 pictures 
per second 
Figure 39. High speed motion pictures were taken 
outdoors with the covers and side panels 
removed from the roller sheller 
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Interpretation of Results 
The films were reviewed with a Bell and Howell 16 crrn 
viewer and a Graf lex-16 projector which allowed individual 
examination of each frame. The framing rates used in 
filming allowed for a time extension of over 90 times, and 
provided a good opportunity for observation of the shelling 
phenomenon. With these techniques it was noted that some 
difference in the shelling action of the machine occurred 
with the two different types of concave bars. 
In every case shelling appeared to initiate in a kernel 
row adjacent to the applied load much as predicted in the 
shelling theory extended by Halyk (13). However, with the 
round steel rod concave in place, once a row of kernels had 
been detached from the cob and the resulting gap contacted 
the concave, the ear tended to momentarily rotate in position 
between two adjacent concave bars. Additional kernels were 
then forced off the leading concave-side of the cob by the 
restraining steel rod as the ear rotated against it. 
The increased rotational force component required to 
roll the ear over the restraining concave bar also apparently 
caused increased bending of the kernel attachments at the 
leading roller-side of the ear, and frequently resulted in 
further shelling at this location. A typical sequence of 
shelling taken from successive frames of the high speed 
film is shown in Figure 40 for the roller sheller with the 
steel concave bars installed. No apparent difference in 
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the mode of shel ing was observed between corn of the 
different moisture levels, a chough kernel detachment was 
noticeably both less difficult and more rapid for the corn 
of lower moisture. 
By comparison, the action of the roller sheller with 
the rubber covered bars installed was considerably less 
aggressive. The rubber concave bars were a full inch wide 
at their upper surface and quite resilient, allowing dis-
tribution of the applied load over several rows of kernels 
as compared to the concentrated loads caused by the steel 
concave bars. The high frictional coefficient of the rubber 
bars caused the ears to pass through the concave area with 
very little slippage. This combination of factors evidently 
caused simple radial compression to be more prominent with 
the rubber-covered concave bars, while the rotational com-
ponent of force applied to the ears was reduced. The 
accompanying reduction in bending of the kernel attachments 
may explain the poorer shelling efficiencies obtained with 
the rubber-covered concave bars when shelling corn of 
relatively high moisture contents. 
Considerable deformation of ears from the higher mois-
ture range occurred as they passed through the concave area. 
This was especially noticeable when the rubber-covered con-
cave bars were installed. An example of the ear deformation 
just prior to the initiation of shelling is shown in Figure 
41 in successive frames taken from the high speed film. 
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She ling seemed to initiate more frequently at the rear con-
cave-side of the ear with the rubber-covered concave bars 
insta led as shown in Frame 4 of Figure 41. 
It could not be concluded from the films whether the 
wedging and bending forces on the kernels during compressive 
loading were mainly the result of cob deformation or simply 
deformation of the kernel attachments. In a dynamic situa-
tion such as that caused by the roller sheller, there is 
probably some combination of both. However, in addition to 
tangential bending some bending of the kernels toward the 
end of the ear evidently occurred, since shelling generally 
progressed from the ends toward the center of the ear. This 
conclusion was verified by the fact that partially unshelled 
ears discharged from the machine generally had the majority 
of kernels remaining near the center of the ear. 
The high speed photography study also revealed one 
similarity between the roller sheller and the traditional 
cylinder-type sheller. In both machines the detached kernels 
have considerable difficulty in passing through the concave 
openings. Study of the high speed films indicated that the 
combination of elasticity of the pneumatic roller and the 
corn kernel allowed velocities after their collision of 
nearly twice the peripheral velocity of the roller. Frequent-
ly the kernel would strike the concave bars with this 
velocity and be deflected back toward the roller. Even 
though the open area of the steel bar concave was nearly 
01 
60 percent, this event often occurred several times in 
succession. 
A possib e cause of the re atively high levels of 
damage found in some of the samples obtained while using the 
rubber-covered concave bars was also observed in the high 
speed films. The concave with the rubber bars installed 
had an open area of less than 30 percent, and resulted in 
the inability of many kernels to escape from the concave 
area after their detachment from the cob. Kernels were 
often crushed as the cob rolled over them, and were discharged 
from the sheller only after having been carried over the end 
of the concave assembly. 
02 
FU CTIO AL EVALUAT O.' OF THE NEW MACHINE 
Once the several minor d:ff iculties found during its 
initial operation had been corrected, the roller sheller 
proved to be a satis factory embodiment of a corn shelling 
mechanism consistent with the design objectives set forth 
at its inception. As an operational machine, it demonstrates 
that corn shelling can be eff ectively accomplished by a com-
bination of radial compressive loading and ear rotation 
between a stationary and a moving element. 
The quantity of damage inflicted upon the grain during 
the shelling process was significantly reduced when compared 
to that caused by the traditional cylinder-type sheller. 
When the steel bar concave was installed in the roller 
sheller, shelling efficiencies were actually improved over 
those obtained with the cylinder-type sheller. The system 
of ear orientation, although lowering the potential capacity 
of the machine, served very effectively in aligning the ears 
so that systematic loading and shelling could occur. The 
level of cob breakage during shelling was also substantially 
reduced over that common to conventional shelling machines. 
Three areas important to the operation of the roller 
sheller have not been investigated, however, because the 
conditions or materials required for their evaluation were 
not available at the time of testing. These areas are: 
1. The suitability of the machine to shelling corn 
directly from the field at moisture contents 
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above 25 percent. 
2. The ability of the machine to operate successfully 
in corn not entirely free of husks and trash. 
3. The potential of the machine to offer a comparable 
capacity to machines now in corrmon use. 
As previously mentioned, no ear corn was available 
having moisture contents in excess of approximately 25 per-
cent because the machine was not tested until well after the 
normal corn harvest season. Some ears having dry husks were 
run through the machine, and while feeding was occasionally 
less effective, the ears were satisfactorily shelled. How-
ever, no tests with the tightly wrapped husks of higher 
moisture normally encountered in field shelling during the 
regular harvest season could be made. 
Feeding of the corn between the primary and orientation 
rollers is the limiting function with respect to the capacity 
of the roller sheller. As a matter of academic interest, 
the theoretical maximum capacity of this machine may be com-
puted on the basis of ear dwell time as it passes between 
the two rollers. Assuming a primary roller speed of 200 
RPM and a primary to orientation roller surface velocity ratio 
of 3:1, the dwell time is approximately 0.04 seconds for the 
roller diameters used in the laboratory test machine. If 
the weight of the grain on each ear is assumed to be 0.5 
pounds, the theoretical shelling capacity of the laboratory 
machine is in excess of 800 bushels per hour. 
04 
Of course this assumes continuous feeding which could 
be possible only if the ears were aligned parallel to the 
axes of the rollers previous to being fed into the orienta-
tion area. With random feeding the actual capacity of the 
machine may be expected to be only a fraction of the theo-
retical value. Although no formal capacity tests were made, 
trials with the laboratory machine indicate that shelling 
rates of 150 bushels per hour may be within its practical 
limit . 
Because the inlet of the test machine is only thirteen 
inches in width, long ears sometimes find it difficult to 
attain the proper orientation. These end effects have a 
definite bearing on the capacity of the laboratory machine, 
and a machine of greater width would be much less restrictive 
to the feeding operation. However, a valid prediction as 
to the expected increases in capacity with increasing 
machine width is difficult to make without the use of at 
least a two machine comparison. 
The fact that the functional difficulties first encoun-
tered with the machine could be sufficiently corrected indi-
cates that the problems were more a result of the materials 
and components used in the actual construction than a fault 
in the principle of operation. The only functional defi-
ciency that was not corrected was that of attainment of 
satisfactory shelling efficiencies in high moisture corn 
when using the rubber-covered concave bars. The width and 
: ,5 
soft composition of the rubber concave bars, concave deflec-
tion and limitations on roller inflation pressure, all less 
than satisfactory component characteristics, were the cause 
of this shortcoming. 
Several other component qualities exist in the laboratory 
test machine that with s l i gh t alteration may both enhance the 
shelling ability and further reduce the kernel damage in-
flicted upon the grain. From observation of the roller 
sheller, suggested component modifications to improve ma-
chine performance are: 
1. The use of a primary roller flat across the breadth 
of its surface and not subject to increases in 
girth with increasing inflation pressures. 
2. The use of a wider primary roller with integral 
lugs or transverse bars. 
3. The use of a concave with increased open area and 
narrow hard rubber bars. 
4. The use of an orientation roller flat across the 
breadth of its surface and of a more easily 
deformable nature. 
These alterations should also increase machine capacity and 
improve the efficiency of the ear orientation process, thereby 
contributing to a more sat i sfactory machine design. 
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SUl-NARY 
A study of the theories of corn shelling was made for 
the purpose of identifying methods of kernel detachment not 
dependent upon the high velocities and impact oading char-
acteristic of contemporary shelling machines. Design 
parameters were established for a low damage shelling mech-
anism based on the shelling theories and the results of 
destgns and experiments of other researchers. 
A laboratory test machine was designed and built for 
the purpose of evaluating the principle of corn shelling 
using a combination of compression and ear rotation between 
a moving element and a fixed element, and its relationship 
to kernel damage. The basic components of the machine are a 
a pneumatic roller in combination with a unidirectional bar 
concave and a second pneumatic roller designed to facilitate 
consistent feeding into the concave area. The opposing 
surface motion of the two rollers causes the ears of corn 
to attain an orientation parallel to the roller axes while 
simultaneously subjecting each ear to several cycles of 
compression loading. As the ears consequently roll through 
the machine, shelling is effected by repetitive cycles of 
compression caused by the parallel concave bars. 
Quantitative damage comparisons were made between a 
conventional cylinder-type sheller and the newly developed 
roller sheller. Both a round steel bar concave and a rubber 
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bar concave were utilized in the new machine. Grain mois-
ture content was the common variable for both machines used 
in the tests. Other variables for the cylinder-type sheller 
trials were cylinder speed and concave clearance, while 
analagous variables of roller speed and roller inflation 
pressure were selected for evaluation of the roller sheller. 
The technique of visual observation augmented by the 
use of Fast Green FCF dye was selected for evaluation of 
total grain damage caused by each machine. The usefulness 
of the dye treatment was verified by staining kernels with 
known minor damage and noting the improvement in the ease 
of damage recognition. 
The roller sheller inflicted a lower level of total 
damage upon the grain at all levels of grain moisture con-
tent than did the cylinder-type sheller, although the 
difference was less at the highest grain moisture contents 
tested. Total damage levels of approximately one-half of 
that inflicted by the cylinder-type sheller were common for 
corn below approximately 20 percent moisture. The rubber-
covered concave bars reduced damage more than the steel 
bars at the lower moisture contents tested, but caused a 
greater amount of damage than the steel bars at the highest 
moisture contents. The roller sheller was found to be less 
sensitive to the various machine adjustments than the 
cylinder-type sheller. 
Samples obtained from both the roller sheller and the 
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cylinder-type sheller were divided into several classifica-
tions of damage and evaluated with respect to the part that 
each contributed to the total level of kernel injury. This 
information was correlated with the conclusions of other 
researchers with regard to the relative severity of the 
various types of damage. The proportion of severely damaged 
kernels expressed as a percentage of total damage increased 
from approximately 24 percent with the cylinder-type sheller 
to approximately 32 percent with the roller sheller, while 
damage to the crown area of the kernel was significantly 
reduced. The percentage of damage to the embryo area of the 
seed, also considered to be very important for grain that 
may be stored, was nearly identical for the two machines. 
The ultimate use of the grain will determine whether the 
qualitative changes in damage caused by the roller sheller 
will be beneficial or detrimental. 
The quantitative damage samples were divided into four 
categories; three classifications of damage and sound kernels. 
Two of these damage categories, material that will pass 
through a No. 12 sieve and obviously broken damage, were 
evaluated to determine if either could be used as an esti-
mate of total damage. A correlation coefficient of 0.65 
indicated a significant positive correlation between ob-
vious damage and total damage for the cylinder-type sheller. 
However, the correlation was not adequate to validate the 
use of obvious damage as an estimate of total damage. 
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Similar correlations obtained for the roller sheller were 
lower than those for the combine cylinder. The correlation 
in each case was found to vary with both the grain moisture 
content and the machine used in shelling. Therefore 
measurement of neither the material passing through a No. 
12 sieve or obviously broken damage al ows a valid compari-
son of different harvesting machines if total damage is a 
more important criteria of damage evaluation. 
High speed photographic techniques were used to investi-
gate the mode of corn kernel detachment in the new machine 
and to check the validity of assumptions forming the basis 
for the various corn shelling theories . Shelling caused by 
the steel bar concave was apparently of a different character 
than that caused by the rubber bar concave . When using the 
steel bar concave the higher shelling efficiencies were 
easily explained because some rows of kernels were removed 
by in-place rotation of the ear against the round steel 
rods and increased bending of the kernel attachments occurred 
near the pneumatic roller. Observation of the shelling pro-
cess indicated that the grain was probably not detached from 
the cob solely by either wedging of the kernels or bending 
of their attachments, but rather by some combination of both. 
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CO CLUSIO S 
1. Corn shelling can be effectively accomplished 
over the range of moisture contents tested (14 
percent to 25 percent) by a combination of com-
pression and ear rotation between a moving element 
and a stationary element. 
2. Corn ear orientation can be suitably accomplished 
by two deformable rollers operating with opposing 
and differential surface velocities. 
3. The quantity of total kernel damage was substan-
tially reduced at the moisture contents tested with 
the roller sheller designed as a part of this 
research project as compared to a conventional 
cylinder-type sheller. 
4. The qualitative characteristics of grain damage 
are influenced by the type of machine or kernel 
detachment process used in the shelling operation. 
5. Measurement of only one type of kernel injury, such 
as material that will pass through a No. 12 sieve, 
is not a reliable indicator of the total damage in 
a corn sample. 
6. Shelling that occurs in a dynamic system of com-
pression and ear rotation between a moving element 
and a stationary element is probably a combination 
of both kernel wedging effects and bending of kernel 
attachments. The actua mode of shelling may be 
affected by the shape and material composition of 
both the contacting elements . 
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RECOMMENDATIO S FOR FURTHER RESEARCH 
The author makes the following suggestions for further 
research on the reduction of damage to corn during the 
shelling operation. 
1. Investigate the applicability of the threshing prin-
ciple used in the roller sheller to the shelling of 
corn having moisture contents in excess of 25 per-
cent. 
2. Evaluate the practicality of the threshing principle 
used in the roller sheller in a field shelling situa-
tion where the effects of husks, trash and capacity 
are important parameters. 
3. Determine the effects on the level of kernel damage 
and functional machine performance caused by altera-
tions in the design and material of the roller 
sheller components. Increased open area of the 
concave and the use of concave materials that are a 
compromise in hardness between steel and rubber 
would be of particular interest. 
4. Investigate the requirements for other machine 
components compatible with the principle of shelling 
used in the roller sheller toward the end of 
developing a complete corn harvester causing less 
grain damage and of greater economy than contem-
porary multiple purpose machines. 
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S. Establish a set of corn damage classifications 
that will reflect th relative severity of types 
of damage with respect to the various potential 
uses of the grain. Such a damage evaluation 
system wou d permit more effective grain quality 
and machine comparisons to be made. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
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APPENDIX A: DATA RECORDED FOR QUANTITATIVE DAMAGE 
COMPARISONS AND EVALUATION OF DAMAGE 
COMPARISON TECHNIQUES 

Table 9. Data recorded for quantitative damage stud1es and 
evaluation of damage determination techniques for 
the cylinder-type sheller 
Concave 
Clearance 
in. 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
3/4 
Cylindera 
Speed 
RPM 
550 
550 
550 
550 
550 
550 
670 
670 
670 
670 
670 
670 
790 
790 
790 
790 
790 
b 
Moisture 
Range 
io w.b. 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
25 
Repli-
cate 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
c 
0. 12 
Sieved 
Material 
io 
0.59 
0.38 
0.42 
0.36 
0 . 81 
0.48 
0.62 
o.69 
0.27 
0.29 
0.61 
0.21 
0 .7 1 
0.49 
0.33 
0 .46 
3.49 
aCylinder diameter is 16 inches . 
b 
Moisture ranges are the approximate mean moisture con-
tent for each lot of corn. 
c 
Damage levels are given as percentages of the total 
sample by weight. 
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Severely c Slight lye Total c Actual Shelling 
Damaged Damaged Damaged Moisture Efficiency 
Kernels Kernels Kernels Content % 
% % % % w.b. 
3.27 24.53 13.38 13.3 98 . 9 
1.49 22.85 24.72 14.5 99 .3 
2.80 22.99 26.21 18.8 93 .5 
4.24 20.94 25.54 18.2 92.8 
5.36 19.08 25.25 25.0 84 .o 
3.76 25.36 29.60 24.4 81. 5 
4. 19 23.15 27.96 14.8 99.4 
3. 16 32.42 36.27 14. 2 99.5 
2.84 20.92 24.03 18.3 94.9 
3.83 26.75 30.87 17.8 96.8 
6.96 29.20 36.77 25.4 86 .5 
4.89 28.25 33.35 23.9 85 .8 
6.50 36.25 43.46 14.7 99.4 
5.87 43.08 49.44 13.7 99.5 
5.40 27.79 33 .52 17.8 97.9 
3 .64 41.24 45.34 18.2 98.9 
4.90 31.59 39 . 98 24.8 91.4 
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Table 9. Continued 
Concave Cylindera '•1oistureb Repli- o. 12c 
Clearance Speed Range cate Sieved 
in. RPM io w.b. Material 
'lo 
3/4 790 25 2 0.62 
5/8 550 14 l 0.60 
5/8 550 14 2 0.49 
5/8 550 19 l 0.26 
5/8 550 19 2 0.47 
5/8 550 25 1 0.32 
5/8 550 25 2 0.59 
5/8 670 14 1 o.52 
5/8 670 14 2 0.92 
5/8 670 14 1 0.53 
5/8 670 19 2 o. 25 
5/8 670 25 1 0.80 
5/8 670 25 2 o.52 
5/8 790 14 1 0.91 
5/8 790 14 2 1.94 
5/8 790 19 1 0.30 
5/8 790 19 2 o.42 
5/8 790 25 1 o.46 
5/8 790 25 2 0.31 
1/2 550 14 1 0.47 
1/2 550 14 2 0.33 
------------------"------"--" --"-
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Severely c Slightlyc Total c Actual Shelling 
Damaged Damaged Damaged Moisture Efficiency 
Kernels Kernels Kernels Content % 
% % io % w.b. 
6.34 37.45 44.41 24.3 90.2 
5.12 22.08 27 . 80 13.9 99 . 9 
4.66 27.17 32.32 14.4 99 .6 
4.61 22.40 27.27 18 .6 95.2 
3.21 24.66 28.34 19.3 92.8 
4.48 31. 57 36.37 24 .6 86.5 
4. 79 33.24 38.62 25.1 85.4 
7.01 28 . 38 35.91 14.2 99.8 
4.30 36.94 42.16 13.5 100.0 
5. 12 19 . 89 25.54 19.4 96 .2 
2.97 26.60 29.82 19.2 98.2 
4.38 22.54 27.72 23.9 92.6 
3.26 37.00 40.78 24. 2 91.1 
7.73 43 .16 51. 80 14.7 100.0 
8 . 34 29.76 40.04 15.0 100.0 
5.59 34.43 40.32 19.0 97.7 
4.73 34.89 40.04 19.6 97.7 
6.03 33.30 39.79 25.l 96.1 
5.65 47.03 52.99 24.2 95.0 
5.66 31.27 37 .40 14.2 99 . 8 
3.20 44.99 48 .52 15.0 99.9 
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Table 9. Continued 
Concave Cylinder 
a Moisture b Repli- No. 12c 
Clearance Speed Range cate Sieved 
in. RPM io w.b. Material 
io 
1/2 550 19 1 0.59 
1/2 550 19 2 0.67 
1/2 550 25 1 o. 74 
1/2 550 25 2 0.39 
1/2 670 14 l 0.71 
1/2 670 14 2 1.13 
1/2 670 19 l 0.90 
1/2 670 19 2 0.93 
1/2 670 25 l 0.75 
1/2 670 25 2 0.60 
1/2 790 14 1 1.34 
1/2 790 14 2 2.40 
1/2 790 19 l 0.53 
1/2 790 19 2 0.31 
1/2 790 25 l 1.13 
1/2 790 25 2 0.49 
- - -- --- ------------
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Severely c Slightlyc Toca 1 c Actual Shelling 
Damaged Damaged Damaged Moisture Efficiency 
Kernels Kernels Kernels Content io 
% io % % w.b. 
5.58 23.26 29 .43 19.9 98 .6 
3.19 29.81 33.67 18.5 98 .4 
5. 17 27.10 33.0l 24.4 89 . 9 
5.10 34.11 39.60 24.6 89.4 
5.29 40. 74 46. 74 14 . 8 99 . 9 
5.33 51.42 57.88 15.1 100.0 
4.95 27.08 32 . 93 18.6 97.4 
9 . 30 24 . 34 34 .57 18.8 98.0 
7.06 46.48 54.29 24.7 96.0 
5.80 34.14 40.54 26.0 92 . 3 
13.15 41.86 56.35 13.7 100.0 
12.78 56.66 71.84 13.5 99 . 9 
5.70 33.23 39.46 18.5 99.7 
5.29 43.30 48.90 19.0 99 .4 
7.49 43.26 51.88 25.3 98.2 
8 .48 44.59 53.56 25.7 97.7 
126 
Table 10 . Data recorded for quantitative damage studie and 
evaluation of damage determination techniques for 
the roller sheller with steel concave bars 
Roller 
Inf lat ion 
PSI 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
Rollera 
Speed 
RPM 
125 
125 
125 
125 
125 
125 
225 
225 
225 
225 
225 
225 
325 
325 
325 
325 
325 
M . b oisture 
Range 
io w.b. 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
25 
Repli-
cate 
l 
2 
1 
2 
l 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
No. 12 c 
Sieved 
Material 
i. 
0.38 
0. 18 
0.52 
0.39 
0. 12 
0.50 
0.27 
0.76 
0.39 
0.51 
0.50 
0.30 
0.55 
0.70 
0.45 
0.45 
0.63 
aRoller diameter is 23.5 inches. 
b Moisture ranges are the approximate mean moisture con-
tent for each lot of corn. 
~amage levels are given as percentages of the total 
sample by weight. 
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c Slight lye Total Actual Shelling Sever ely 
Damaged Damaged Damaged Moisture Efficiency 
Ker nels Kernels Kernels Content io 
% io io % w. b . 
1 . 52 15 . 46 17 . 36 13 . 8 99 . 4 
1. 13 21.41 22.72 13 . 8 99 . 6 
2 . 55 12.80 15.87 19 . 8 89 . 4 
2 . 07 14 . 56 17 . 02 18 . 2 91. 9 
3 . 32 22 . 27 25 . 71 24 . 2 77 . 1 
5 . 12 13.85 19.47 24 . 8 79 . 8 
2 . 40 38 .70 41. 37 12. 7 100 . 0 
3 . 26 30 . 55 34 .57 12 . 7 100 . 0 
5 . 86 15 . 95 22 . 20 18 . 8 95 . 4 
2 . 56 12 . 37 15 . 44 19 . l 97 . 7 
7 . 26 22 . 04 29 . 80 25 . l 80 . 3 
2 . 96 18 . 66 21 . 92 24 . 2 86 . 8 
7. 67 26 . 75 34 . 97 13 . 0 100 . 0 
5 .74 28 . 90 35 . 34 13 . 3 100 . 0 
4 . 24 19 . 91 24 . 60 18 . 8 99 . 9 
4 . 43 15.10 19 . 98 19 . 0 99 . 6 
5 . 49 22 . 74 28 . 86 24.1 87 . 0 
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Table 10. Continued 
Roller Rollera Moisture 
b Repli- o. 12c 
Inf lat ion Speed Range cate Sieved 
PSI RPM i. w.b. Material r. 
7 325 25 2 0 . 38 
11 125 14 1 0.46 
11 125 14 2 0 .71 
11 125 19 l 0.65 
11 125 19 2 0.58 
11 125 25 1 0.28 
11 125 25 2 0.29 
11 225 14 1 0.52 
11 225 14 2 0.75 
11 225 19 1 0.30 
11 225 19 2 0 .65 
11 225 25 1 0.41 
11 225 25 2 0 .40 
11 325 14 1 l. 03 
11 325 14 2 0.81 
11 325 19 1 0.61 
11 325 19 2 0.62 
11 325 25 l 0.49 
11 325 25 2 0.59 
15 125 14 1 0.51 
15 125 14 2 0.55 
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Severely c Slightly c Total Actual Shelling 
Damaged Damaged Damaged Mois ture Efficiency 
Kernels Kernels Kernels Content 'ro 
% % % % w.b. 
6. oe 23 .69 30 . 15 24.0 90 .5 
2.99 9 . 86 13.31 13.7 100.0 
2.66 10.93 14.30 14.l 100.0 
4.69 11.40 16.74 18 . 8 94 .2 
l. 57 9 .45 11.60 18 . 9 96 . J 
4.45 23.76 28 .49 24.3 91. 3 
2.65 11.98 14. 92 24. 8 92 .6 
1. 91 22 .74 25 .17 12.6 99 . 9 
4. 38 20.21 25.34 13.6 100.0 
2.27 8 .78 11. 35 18 .S 99 .9 
4.46 11.19 16.30 19. 1 99 .7 
S.12 16.37 21. 90 24.9 96. 3 
5.06 28 .21 33 .67 24.9 97.5 
6.64 20.94 28 .61 12 . 8 100.0 
4.76 33 . 85 39 .42 13.4 100.0 
3 .70 9 . 36 13.67 18.7 99 . 9 
5.93 14.27 20 . 82 18 .9 100.0 
6.34 40.77 47.60 25.9 96.4 
2. 89 35 .61 39 .09 25.7 97.7 
1. 94 13.46 15. 91 12.5 100.0 
2 . 12 3 .25 5.92 13. 8 99.9 
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Table 10. Continued 
Roller Roller 
a Moisture b Repli- No. 12c 
Inf lat ion Speed Range cate Sieved 
PSI RPM io w.b. Material 
% 
15 125 19 1 0.06 
15 125 19 2 0.41 
15 125 25 1 0.31 
15 125 25 2 0. 24 
15 225 14 1 0.58 
15 225 14 2 0.81 
15 225 19 1 0.70 
15 225 19 2 0.50 
15 225 25 1 0.71 
15 225 25 2 0.31 
15 325 14 1 0.59 
15 325 14 2 0. 90 
15 325 19 1 0 .59 
15 325 19 2 0.92 
15 325 25 1 0.73 
15 325 25 2 0 .51 
13. 
c c Total Actual Shelling Severely Slightly 
Damaged Damaged Damaged Moisture Efficiency 
Kernels Kernels Kernels Content lo 
% % io io w. b . 
1. 61 16.45 18 . 12 19 . 8 99 . 2 
4 . 92 11.07 16 . 40 18 . 6 99 . J 
3 . 59 25 . 99 29.89 24 . 8 97 . 4 
3 . 98 20 . 03 24.25 24.2 97 . 6 
1 . 93 24.25 26 . 76 12 . 5 100 . 0 
3 . 04 6 . 76 10 . 61 12 . 7 100 . 0 
3 . 67 23 . 10 27 . 47 19 . 2 99 . 5 
4 . 08 10 . 50 15 . 08 18 . 8 98 . 9 
5 . 09 43 . 47 49 . 27 25 . 9 98 . 8 
4 . 06 28 . 11 32 . 48 25 . 3 98 . 8 
2 . 04 34 . 43 37 . 06 13 . 0 100 . 0 
4 . 79 33 . 31 39 . 00 12 . 6 100 . 0 
5 . 42 13 . 54 19 . 55 18 . 9 99.9 
3 . 51 24 . 90 29 . 33 19 . 7 100 . 0 
5 . 25 28 . 87 34 . 85 25 . 7 99 . 3 
4 . 43 51.85 56 . 79 25 . 9 99 . S 
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Table 11. Data recorded for quantitative damage studies 
and evaluation of damage determination techni-
ques for the roller sheller with rubber-covered 
concave bars 
Roller 
Inf lat ion 
PSI 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
Rollera 
Speed 
RPM 
125 
125 
125 
125 
125 
125 
225 
225 
225 
225 
225 
225 
325 
325 
325 
325 
Moisture 
Range 
% w.b. 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
25 
25 
14 
14 
19 
19 
b Repli-
cate 
l 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
l 
2 
c No. 12 
Sieved 
Mater ia 1 
io 
0.28 
0.49 
0. 24 
0.17 
o.51 
0. 10 
0.28 
0.11 
0.18 
o. 19 
0. 19 
0.21 
0 .13 
0.24 
0.31 
0.08 
aRoller diameter is 23.5 inches. 
b 
Moisture ranges are the approximate mean moisture con-
tent for each lot of corn. 
cDamage levels are given as percentages of the total 
sample by weight. 
------ ---- -----------------~ 
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Severe lye Slight lye Total Actual Shelling 
Damaged Damaged Damaged Moisture Efficiency 
Ker nels Kernels Kernels Content io 
io % io % w. b . 
1. 99 12.75 15 . 02 13 . 8 92.6 
1. 77 6.44 8 . 70 14 . 2 94 . 0 
0 . 87 7.32 8 . 43 19 . 8 72 . 8 
1.40 9 . 20 10 . 77 19 . 4 67 . 9 
1 . 90 18.81 21. 22 24 . 8 47 . 8 
0 . 59 29 . 36 30 . 05 25 . 3 54 . 4 
0 . 22 22 . 17 22 . 67 14 . 2 97 . 0 
1. 36 22 . 63 24 . 10 14 . 3 97. 8 
1 . 70 11 . 20 13 . 08 19 . 1 78 . 5 
1 . 22 13 . 18 14 . 59 18 . 6 74 . 8 
2 . 24 45 . 49 47 . 92 25 .1 56 . 3 
2 . 22 33 . 66 36 . 09 25 . 4 53 . 4 
1.79 28 .65 30 .57 13 . 8 99 . 8 
0 . 75 26 . 34 27 . 33 13 . 4 99 . 0 
2 . 05 15 . 75 18 .11 19 . 5 82 . 1 
1 . 78 24 . 81 26 . 67 19 . 8 78 . 8 
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Table 11. Continued 
Roller Rollera Mois ture b Repli- 12c o. 
Inflation Speed Range cate Sieved 
PSI RPM % w.b. Materia 1 
% 
7 325 25 1 0 . 12 
7 325 25 2 0 .12 
11 125 14 1 0. 12 
11 125 14 2 0. 10 
11 125 19 1 0. 19 
11 125 19 2 0.30 
11 125 25 1 0.23 
11 125 25 2 0.26 
11 225 14 l 0. 18 
11 225 14 2 0.42 
11 225 19 1 0. 10 
11 225 19 2 0.08 
11 225 25 l 0.20 
11 225 25 2 0.31 
11 325 14 l 0. 15 
11 325 14 2 0. 26 
11 325 19 1 0. 12 
11 325 19 2 0.09 
11 325 25 1 0.05 
11 325 25 2 0.25 
15 125 14 1 0.37 
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c Slightlyc Total Actual Shelling Severely 
Damaged Damaged Damaged Mo isture Efficiency 
Kernels Kernels Kernels Content lo 
io % % % w. b . 
. 11 37 . 27 38 . 50 24 . 3 61 . 6 
1. 86 29 . 95 31. 93 24 . 3 62 . 2 
2 . 45 14.75 17. 28 14 . 3 95 . 6 
0 . 70 9. 18 9 . 98 14 . o 97 . 8 
2 . 18 6.20 8 . 57 19 . 4 77 . 8 
1 . 23 8 . 36 9 . 89 19 . 8 76 . 4 
2 . 14 21.34 23 . 71 25 . 5 61.6 
1 . 97 32 . 48 34 . 71 25 . 2 67. 2 
1.44 27 . 68 29 . 30 14 . 8 97. 3 
1.04 11 . 43 12 . 89 14 . 8 98 . 2 
2 . 34 6 . 97 9 . 41 19 . 9 90 . 0 
1. 88 22 . 46 24 . 42 19 . 9 88 . 7 
2 . 37 33 . 56 36 . 13 25 . 9 78 . 9 
3 . 38 33 . 61 37 . 30 25 . 6 74 . 3 
0 . 70 26 . 50 27 . 35 13 . 9 99 . 7 
0 . 81 11 . 54 12 . 61 14 . 2 98 . 8 
0 . 83 20 . 88 21 . 83 19 . 5 95 . 2 
0 . 80 6 . 79 7 . 68 19 . 3 90 . 6 
1.61 29 . 02 30 . 68 24 .7 82 . 6 
1.43 22 . 94 24 . 62 24 . 9 77 . 6 
1. 52 10 . 08 11 . 97 12 . 1 100 . 0 
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Table 11. Continued 
Roller Rollera M . b Ol.Sture Repli- o. 12c 
Inf la ti on Speed Range cate Si v d 
PSI RPM io w.b. Material 
io 
15 125 14 2 0.08 
15 125 19 1 0. 30 
15 125 19 2 0.04 
15 125 25 l 0.37 
15 125 25 2 0.09 
15 225 14 1 0. 14 
15 225 14 2 0.02 
15 225 19 1 0.22 
15 225 19 2 0.31 
15 225 25 l 0.41 
15 225 25 2 0.25 
15 325 14 l 0.37 
15 325 14 2 0.08 
15 325 19 l 0. 24 
15 325 19 2 o. 14 
15 325 25 1 0.33 
15 325 25 2 0.32 
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c Slight lye Total Actual Shelling Severely 
Damaged Damaged Damaged Moisture Efficiency 
Kernels Kernels Kerne ls Content io 
% % % % w.b. 
1.03 16.31 17.42 11.9 99 . 9 
1.23 25.73 27 .26 19.7 91.4 
0.89 18 .61 19.54 20.0 84 .5 
2.55 51.56 54.48 26.4 76.S 
1.40 31.48 32.97 25 .4 84.J 
o.49 6.21 6.84 13. 0 99 .4 
0.40 24.30 24 .7 2 13. 4 100.0 
2.23 14.23 16.68 19.8 91 .7 
1.53 21. 25 23 . 09 19. 9 95 .0 
4. 74 33 . 35 38 .50 25.1 81.0 
2.64 24.53 27.42 25.3 88 .5 
1.44 15. 31 17 .12 13.3 100.0 
0.88 14.69 15.65 13.1 100.0 
1. 72 29.06 31 . 02 19.6 96 .7 
1.77 12.92 14.83 19.4 95 .2 
2.55 28.28 31 .16 25 .4 95.8 
4.48 33.00 37 . 80 24.7 90 . 8 
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APPENDIX B: DATA RECORDED FOR QUALITATIVE DAMAGE 
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APPENDIX C: ANALYSES OF VARIANCE FOR QUALITATIVE 
DAMAGE COMPARISONS 
l 4 
Table 14. Analysis of variance for severely damaged kernels 
as a percentage of total damage 
Source Degrees of Sum of Mean F-Va lue 
Freedom Squares Square 
Shelling Machine, A 1 598.27 598.27 24.90** 
Moisture Content, B 2 63 . 90 31. 95 1. 33 
AB 2 41.18 20 . 59 0 . 86 
Error 24 576.57 24 . 02 
Total 29 1279.93 
**Significance at the 1 percent level. 
Table 15. Analysis of variance for embryo damaged kernels as 
a percentage of total damage 
Source Degrees of Sum of Mean F-Va lue 
Freedom Squares Square 
Shel ling Machine, A 1 0.21 0 .21 0 .03 
Moisture Content, B 2 18 .18 9.09 1.09 
AB 2 20.26 10. 13 1. 21 
Error 24 200.30 8 . 35 
Total 29 238.94 
45 
Table 16. Analysis of variance for crown damaged ker nels as 
a percentage of total damage 
Source Degrees of Sum of Mean F- Value 
Freedom Squares Square 
Shelling Machine, A 1 505.45 505 . 45 29. 70** 
Moisture Content, B 2 428 . 29 214.14 12.58** 
AB 2 139.85 69 . 92 4 . 11 
Error 24 408 . 38 17.0l 
Total 29 1481. 96 
**Significance at the 1 percent level. 
Table 17 . Analysis of variance for pericarp 
as a percentage of total damage 
and minor damage 
Source Degr ees of Sum of Mean F- Value 
Freedom Squar es Square 
Shelling Machine, A 1 6 . 81 6 . 81 0 . 24 
Moisture Content , B 2 381. 47 190 . 74 6.73* 
AB 2 220 . 39 110 . 19 3.89 
Error 24 679 . 69 28 . 32 
Total 29 1288 . 36 
*Significance at the 5 percent level. 
